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Th@  praient  work  deal*  irith  tha  probltma  of  radia¬ 
tion  saffiti^  and  doaiaietrlo  control  Mthoda  on  voasala  vith 
nuolear  potrer  plants.  It  inolndaa  the  neoeaeary  inforaation 
from  tho  fields  of  phyaioa  and  nuclear  taohnelogy*  Also 
Included  la  a  brief  deaorlption  of  the  sjatan  of  radiation 
safety  and  doalnatrio  control  on  the  atomlo  loe breaker 
^Lenin",  along  with  aona  information  on  radiation  safety  on 
foreign  nuclear  veaaala* 

The  book  is  designed  for  engineers  and  teehnioians 
in  the  shipbuilding  industry  and  the  Vmrj,  and  viU  likewise 
be  useful  to  students  of  shipbuilding  institutes* 

POmOBD 

The  vide  application  of  atonic  technology  in  Maeral 
and  nuclear  power  in  partioular  has  also  been  extended  to 
modern  shipbuilding*  Soviet  shipbuilding  soienoe  is  in  the 
vasiguard  of  world  thinking  in  this  branch  of  teehnolo^* 

The  atonic  icebreaker  "Lenin"  is  the  world's  firot 
nerohant  vessel  with  a  nuclear  power  plant  (IP?)*  This  is  the 
orowning  aohievenent  of  soientists,  designers,  and  workers 
in  the  shipbuilding  industry  and  ether  industries  of  the  USSR* 
Pollowing  in  the  footsteps  of  the  Soviet  Union,  the  VS  designed 
and  built  a  nuclear  passenger-oargo  vessel,  Sweden  began  con¬ 
strue  ties  of  a  large  tanker,  ate*  It  oan  be  stated  confidently 
that  nuclear  shipbuilding  will  develop  even  nere  vith  the 
aoounulation  t  sxperienoe  in  the  use  of  eoononieal  and  effi¬ 
cient  ship  reactors . 

However,  a  major  portion  of  the  engineering  forasc^in 
the  shipbuilding  industry  and  the  Havy  has  little  knowledge  of 
the  basio  pro^lens  of  nuclear  technology,  and  noreover,  lacks 
a  olear  conception  of  the  epeoifios  of  exploiting  nuclear 
power  plants,  frequently,  they  harbor  an  exaggorated  fear  of 
the  danger  of  operating  such  plants*  This  feeing  has  been 
fostered  by  the  appearance  of  aooounts  in  the  press  dsaling 
Hith  difficulties  and  tieups  in  the  testing  of  nuolsar  sub¬ 
marines  in  the  VS* 

The  literature  on  the  problene  of  nuoloar  eafoty  on 
vesselB  with  NPF  ooneists  of  just  etvoral  papers  preeented 
by  Soviet  scientists  before  the  Second  International  Conference 
on  the  Peaceful  Uses  of  Itomio  Energy  (Qeneva,  1956)* 
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Cur  book  rapr-ssBffnte  the  first  attesEpt  to  secemllEij 
the  problems  of  doalmetrlo  control  and  radiation  safety  on 
NPl  vasaola.  It  contains  a  eye  tana tic  proseatatlon  of  natari* 
sis  published  In  aoviet  and  foreign  perlodloaXo,  with  an -aoooxuit 
of  tlio  latest  achieveo^nte  in  the  field  of  ionieing  radiation 
doss  iiaa  try* 

the  authors  ha^  striven  to  present  the  naterlal  in 
a  popular  fashion ,  without  ovtrloadini;  the  teat  with  nathe« 
matics,  while  preserving  the  rigor  of  the  fomzlationa  • 

The  atmtant  of  the  hook  moat  desosstrate  that  with  a 
oorreetly  platmed  installation  and  the  realisation  of 
proper  oontrol^  its  exploitation  under  ship  conditions  does 
not  present  any  fusdaaeatal  diffloultieB  or  dangors* 

The  first  ehapter  contain  a  brief  presentation  of  the 
basic  notions  of  nuclear  physics  and  teohnology  to  an  srtent 
necessary  for  the  understanding  of  the  physloal  essenos  of  the 
relevant  ph4»nosena  and  processes* 

The  subsequent  chapters  oontaln  infomatioa  on  the 
forsis  of  radiation  danger  and  means  of  combatting  thea«  as 
well  as  on  biological  protection  and  doslmetrio  oontrel 
nethedi  on  nuclear  thlps. 

The  last  two  chapters  contain  a  brief  description  of 
the  oystem  of  dosimetric  control  aboard  the  atomic  loebreaJeer 
”Ianln'*  tad  some  Infomatloa  on  radiation  safety  on  foreign 
b^FP  v»so»l.s» 


The  present  work  dose  not  deal  with  the  pnbleae  of 
mdlochemlaal  anaXyeis  and  deaotivatiom  arising  in  the  exploit* 
atlon  of  aneXtar  reactors,  slnoe  these  are  Independent  aspeota 
of  the  radiation  safety  problem* 

The  authors  oonsidor  it;  thsir  pT.easant  duty  to  oxtsnd 
sincere  thanks  to  V»l«  Zadantsev  and  7Un7«  SlwlntssT  for  thsir 
considerable  assistance  and  advice* 

The  authore  would  aleo  appreciate  all  rrltioal  rtnarke 
on  the  work;  these  Ei'^ould  be  addressed  tes  Leningrad  2>-65» 
Lsershlnskiy  Street  (Ulltsa  DrershinskOE^o )  1C,  Sndpreagis 
(State  Union  Publishing  Rouse  of  the  9h  pbuiXdlng  adustry)* 


Ohapt«r  I 


TRB  SDTIOI  or  loiizno  RAOUTIOI 


1. 

All  ziatural  iMdlts  ftr*  md*  up  of  atoao  oad  solo* 
ouloa  which  arc  In  a  atatc  of  eentinuetis  notion* 

no  atoaa  in  oloaenta,  oonbining  in  warioua  ration, 
fom  an  enomona  wariatp  of  oonpotmda*  Tho  anallaat  particle 
of  a  eonpound  which  retaina  the  apeoifio  chenical  propertiea 
of  the  eonpound  la  called  a  noleoule*  The  atom  in  the  aaalleat 
partiole  in  ordinary  natter  which  rennina  unehansed  in  oheni- 
eal  reaetiona.  It  conatitutea  a  oonplex  eleetrieally-neutral 
a^ten  ande  up  of  a  poeitiwelr-eharged  nuoXeua  and  negatiToly 
charged  electrona  in  notion  aMut  the  nuoletta  in  oloaed  orbita 
which  conatitute  the  electron  aheXl* 

The  nueleue  of  an  atea  eonaiata  of  a  definite  nunber 
of  poaitiwely-oharged  partlelea  —  protona,  and  uncharged 
neutral  part  idea  <•«  neutrona. 

Tho  proton  ia  the  nueleua  of  the  lighteat  eleaent 
(hydrogen)  and  haa  a  aaaa  approxiaately  equal  to  the  aaaa  of 
the  neutron.  The  poaitiwe  charge  of  the  proton  ia  equal  in 
nagnitude  to  the  negatiTO  oharge  of  the  electron. 

In  nuclear  i^yaioa,  protona  and  neutrona  are  frequently 
referred  to  aa  nuoleona. 

Since  the  atoa  ia  electrically  neutral,  the  nunber  of 
electrona  orbiting  the  nueleua  ia  equal  to  the  nunber  of  pro¬ 
tona  aaking  up  the  nuoleua  of  the  atoa  of  a  girea  eleaent  and 
ia  the  nain  eharaoteriatio  of  the  giren  eleaent.  The  changing 
of  the  nunber  of  protona  in  the  nueleua  aignifiea  a  tranaition 
fron  one  aubatanoe  to  another,  for  exaaple,  the  hydrogen  nuo- 
leua  eonaiata  of  one  proton  (avt),  the  boron  nuoleua  eontaina 
fire  protona  (asS),  oadaiun  —  48  (a»46),  uraniun  —  92  (ax92). 
It  haa  been  eetabliahed  that  the  nuclear  oharge  a  eorreeponde 
to  the  nuaber  of  the  eleaent  in  the  Periedie  Table,  while  the 
peouliaritiea  of  electron  ahell  atrueture  det amine  the  perio¬ 
dicity  of  repetition  of  their  ohenioal  propertiea. 

Another  iaportant  property  of  atoaie  nuclei  ia  their 
aaaa,  which  by  analogy  with  the  charge  ia  expreeaed  in  apeoial 
unlta  called  atonic  aaaa  unita,  approxiaately  equal  to  the  aaaa 
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of  pT0%&m.  or  notttroM*  Tho  moo  ovftWr  A  of  ugr  nolow 
ypr— onto  tko  mm  of  protoM  oai  aootroio  it  ooraiio* 

At  iittiMt  froft  an  tibrn^wt  t.  «ko«A  iMroMo  or 
Aooroftto  it  oloofo  toeoaptaioA  tjr  o  ottojo  i«  th0  olMHUtoA 
proport itt  of  o  MbotoBoo*  tho  rorlotioh  of  otooio  ttgltr  a 
can  tltt  ho  Aim  to  ohtaeot  ih  tbo  maihor  of  aontfoao  ia  tho 
Buciout.  Slat*  ottoh  ohoAttt  lotto  tho  »Mihor  of  protoat.  i«o«. 
the  nuelotr  ^Miao  t  oototoat,  tht  aov  aotloi  Alt  aot  Aiffor 
ohoaiotllr  fNB  woir  *aolihhow*  ia  tho  Ithlo*  At  tho  ttat 
tiat,  t  Aifforoat  aa^r  of  protoao  tad  aaatroao  ia  tho 
anoloat  ohoiaotoriioo  t  Aifforoat  olooo  of  atoXoi  ohioh 
Aiffor  ia  thtir  ohptiotl  proportito.  Moh  aaoloi  Ohioh  hart 
tht  ooat  ohtrfo  (anahtr  of  protoao  ia  tho  aaoloat)  hut 
Aiffor  ia  atoo  (aaahor  of  Boattoao)  art  oalloA  lootopoo,  i«o», 
oooopplai  tho  ooat  poaitioa  la  tht  PtrioAie  Yahlo  (from  tho 
•rook  vorA  "topoa".  atoaiai  *p9aoo*)* 

Atoait  aaoloi  aro  otaallp  AtaotoA  hj  tht  ajahol 


vhtro  t  it  tht  atoaio  auabor  of  tht  aaeloiiof 
X  it  tho  aaao  of  tho  oloaoatt 
A  ia  tho  aaao  aaahor* 

far  tataplt.  tho  hr^gta  aaoloat  it  writtoa  to  , 
tht  todiaa  aaoloat  it  ^13  oto* 

fht  waaOnr  of  protoao  aahiai  ap  a  aaoloat  Aotoraiaot 
the  oitt  of  tho  pooitivo  aatloor  tharao,  aai  thortftia  tht 
auaher  of  olootroat  ia  the  oloo^a  mil  of  tho  atoa.  2t 
alto  dotoxaiaoo  tho  atoaio  anator  of  tho  oloaoat  a.  Vritiac 
thia  oahtorm  ia  tpotifpiat  oloaoatt  htlpo  ia  rooorAiac 
Buoltar  roaotioat, 

fht  radiat  r  of  aa  atoaio  aooloao  oaa  ho  otalaatod 
approaiaattlf  with  tho  old  of  the  ctaatioa 

r  •  1 

ahoro  A  it  tho  aatt  aaBhor  of  tht  aaoloat  otaal  to  tht  toa  of 
protoao  tad  aoatroat  it  ooataiao* 

Roaoo  VO  oaa  oaloalato  that  tho  radiat  of  tht  jmoIoim 
of  tho  liihtoot  oloatat  ••  hpdrofta  ••  it  total  to  1(r*>3  oa 
(approxiaatolp) •  vhilo  tho  aaoloar  radiat  of  oat  of  tht  hoari- 
oot  tloatatt  ta^  at  araaiaa  it  tO*'«oa»  • 

la  tho  ooarto  of  otadioo  of  laoltar  proportiot*  it  aot 
ootablithoA  that  toat  aaoloi  tpoataiatoaolr*  aithoat  tap  oxter* 
aal  iaflataoot,  dioiatofrato  aad  oait  partloloti  ftraiat 
aaoloi  of  othtr  tppo*  a  &atalt«  fhit  phoaoataoa  mat  oallod 
radioaotiTitj. 
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Ai  Mrly  at  in  1896  tht  phytioltt  Btoqutrtl  found 
that  uraaluB  uonpouadt  enlt  Inylelblt  rajrt  vhleh  blaektn  a 
photottnaitlvo  platt.  Tvo  ytara  labor  It  vat  dltoovtrtd  that 
tht  Btv  altatntt  (radius  and  poltniun)  diaoovtrtd  bp  Pitrrt 
and  Maria  Ourit  liktwiat  txhibittd  radioaotirity  analogouo  to 
that  of  uraniun  oonpoundt,  but  ttrongor  In  intontitp. 

Studita  with  tht  aid  of  a  nagnatio  fitld  hayt  ahown 
that  thraa  tppao  of  radiation  art  in  ayidanoa  in  tht  diain- 
tagration  of  haawp  alanantai  poaitlTolp-ohargad  alpha  partio* 
lot,  nagatiTolp-ohargad  bata  partiolaa,  and  alaotroaagnatio 
radiation  of  warp  abort  wavolongth  —  gaana  rapt.  Tha  conon 
propartp  of  all  throa  forma  of  radiation  ia  ito  abilitp  to 
ionita  atoaa  ia  paaoing  throng  aattar,  i*a»»  to  roaowo  ono 
or  sort  alaotrono  from  tho  ahoUa  of  noutral  atono.  Baoauoa 
of  thia,  all  throa  tppoa  of  radiation  a:ro  rofarrad  to  aa 
ioniting  radiation* 

Lot  tto  oonaidor  aoao  of  tha  othor  proport iao  of 
radiation  whieh  aooeapaaioa  tho  dooap  of  radioaotiwo  atoaa* 

Alpha  partioloa  haTo  a  poaitiTO  olootrioal  ehargo 
aqual  in  aooolnto  yaluo  to  two  olootron  ohargoa*  and  a  aaaa 
aqual  to  that  of  tha  holiua  nuoloua*  fha  panatrating  powar 
of  alpha  partioloa  ia  datorainod  bp  thair  iataraotion  with 
nuolai  and  atoaa  of  aattor  and  ia  aaaaurad  aooording  to 
thair  rango  ia  a  giwan  ottbotaaoo*  Vanallp*  tho  raago  ia 
aoaaurod  la  ooatiaataro*  for  alpha  partioloa  of  naturally 
radioaotiwa  aatoriala.  tho  raago  in  air  dooa  not  axeoad  10  on 
whlla  ia  aolida  and  liquida  it  ia  oxtraaolp  oaall  and  dooa 
not  axetod  taao  of  aiorono*  for  oxaaplo*  aoworal  ahoota  of 
papor  art  oafflolont  to  fullp  abaorb  aoat  of  tha  alpha  par- 
tiolaa  aaittad  bp  radioaotiwo  aloaaata* 

Aa  diatiaot  froa  alpha  partioloa.  bata  partioloa  of 
ooaparabla  anargioa,  whioh  aro  oaoantiallT  fast  olootrona, 
art  charaotariaad  bp  auoh  graatar  raagoo  in  air*  SoToral 
ahoota  of  papor  art  no  longar  adoquata  to  block  thoat  aoaa- 
thing  like  a  ahaat  of  aluatnua  aovoral  ailliaatora  thiok  ia 
roquirad.  Tha  thiekaoao  of  aatarial  roqairod  for  total  ab- 
aorption  will  ba  atronglp  dapoadant  oa  tho  initial  onargp  of 
tha  bata  partiola  and  tha  danaitp  of  tha  abaorbor  aatarial* 

Oaaaa  rapt  oonatituta  a  atraaa  of  photona  whioh  aro 
no  differant  than  X-rapa*  For  tha  aaaa  wawalaagth,  tha  proper 
tiaa  of  thaaa  two  tppoa  of  radiation  aro  tha  oaaoi  tho  only 
diffaranoe  ia  In  tha  aouroat  photona  aaittad  bp  a  nuoloua 
are  called  gauta  rape  (gaaaa  quanta),  while  photona  pzuduoad 
bp  tha  alowing  of  alaotrona  ia  a  field  of  atoaio  auelai  are 
oallad  X-rapa* 

Aa  diatinot  froa  alpha  and  bata  partioloa *  gavaa 
partioloa  have  a  high  penetrating  power*  High-oaargr  ganaa 
rapa,  with  anargioa  on  tha  order  of  ailliona  of  av  lalaotron 
yolta)  (aaa  note)  oan  paaa  ayan  through  aayaral  tana  of  oanti 
aatara  of  lead,  daapita  tha  fact  that  lead*  Juat  aa  other 
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•lMNat«  vith  •  high  AtMiit  moiM.  it  t  atrt  tfftotlTt  tt* 
■•rbtr  tf  fttBt  rtlittion  thta  tltat&tt.  [Btitt  At 

•Itotrta  tolt  it  tlM  unit  of  oMfu  to^ttiroA  Vjr  ta  olottroa 
ia  bolBf  aoooloratoA  throagli  a  yotoatlal  Aifftroato  of  oat 
▼olt]. 


Pifurt  1  •  lolatlTo  poaotratlac  poaor  of  al]^  aaA  bota  partie* 
loo  tad  foaaa  vtja*  A  •  fapori  1  «  Alaatauat  0  ■  ItaA* 

Lot  «t  iMfiao  a  roAioaotiTo  ooaroo  lAdtik  aaito 
alpha,  bota,  aaA  pMaa  rmn  (fit  t)*  Otar  tbo  oaaroo  «o 
plaoo  oa  abooibor  ooaaiotiat  of  oavonl  obooto  af  oftlaarp 
papor  (fig  1a)«  Tbo  alpha  partioloo  act  aboarboA  bjr  tbo 
papor.  bat  tbo  botao  aaA  foaaaa  paao  tbroagb  vltboat  aaj 
oigaixioaat  loao  of  aaorgf*  fig  ib  oboao  tba  offoab  of  aa 
aboorbor  ooaoiotiag  of  ooaosal  aiUiaotoza  of  obaat  alaaiaaa. 
la  thia  oaaa.  tbo  alwiaaB  filtoro  oat  or  aboorba  tto  alpbao. 
aad  botao,  o^o  tbo  gooBoo  aro  Joot  oaaoobat  voabaaoA*  fiaollp, 
fig  1 0  abavo  tbat  aa  abarbiag  lafor  of  oororal  eoatlaotoro  of 
load  oaaoidorablf  raAaooa  tba  iataaoitf  of  gOBaa  raft,  bat 
otill  Aoao  Bot  oMp  tboB  ooagloto^.  Ao  diotiagt  froa  alpbao 
aad  botao,  goBBorrafo  aro  fr^uaatlf  oalloA  poaatcatiag 
rad lotion. 

Tbofo  xa  rot  aaotbor  fora  of  radiatioa  ••  aoBtroao  ^ 

produeoA  daring  tte  oporatien  of  aaoloar  raaetoro,  Ibo  proportioa 
of  tbooo  partioloo  will  bo  oonoidorad  labor, 

Za  tbo  oarlioot  oOagoo  of  roooarob  oa  tbo  proportioa 
of  raAioaotiTo  atoBO  it  aao  AioooTorod  tbat  tboir  aeitiritf 
drepo  off  vitb  tiao* 

Tbo  oaaroo  of  tbo  radioaotiTo  Aooar  proeooo  for  obx 
aatorial  ooaoiotiag  of  a  giToa  auabor  of  aiailar  atoBO  oaa 
bo  doooriboA  witbtbo.aid  of  a  oortaia  ooaotaat  oalloA  tbo 
balf-lifo.  Zf  at  a  giroa  iaotaat  wo  bawo  a  oortaia  aaabor  of 
atoBio  aooloi  of  tf^  A,  tboa  aftor  tbo  half  •lift  porioA  bao 
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•Iftpatd,  on*  half  will  haw*  boon  tranaforaad  into  atonio 
nuolai  of  a  now  typo  B.  After  a  poriod  of  two  half«livoa, 
ono*fourth  of  th*  original  typo  A  nueloi  will  roaain,  aftor 
three  half-liwoo,  ono*oighth  type  A  nuclei  are  left,  oto* 

A  now  ouhotaneo  can  aleo  turn  out  to  bo  radieaetiTO 
and  in  turn  bo  tranoforsod  to  a  third  aubataaoo  0«  In  auoh 
oaaoa  we  aay  that  aatoriala  A,  B,  and  0  oonatltut*  a  radio- 
aotiwo  faaily. 

If  f  io  the  half -life,  than  aftor  a  time  t,  the 
remaining  nnaber'Of  the  original  number  of  atona  H  will  be 


Along  with  the  half-life  T,  wo  frequently  make  uoo  of 
another  quantity  X  whioh  io  oallod  th*  dooay  oonataat  and  ia 
giTon  by 

(1) 

(irtxioh  ia  called  the  radioaotiwe  decay  law). 

Hence 


Ns  (1/T)ln2  s  0.693/T, 


The  radioaotiro  oonatant  ia  a  a^aauro  of  the  inatability  of 
atoma  and  ia  defined  aa  th*  fraction  of  nuclei  dooaying  per 
unit  tine  for  tho  giwon  radioaotivo  oubatanco*  The  minua  aian 
ia  (1)  moana  that  the  number  of  decaying  auolei  decreaaee  with 
time;  the  dineaaiona  of  the  decay  oonatant  are  £tiae]*> • 

Uaiag  aa  aa  example  tho  decay  of  radioaotiwe  oarboa 
we  will  ahow  how  it  reaulta  in  the  production  of  a  nitrogen 
iaotope  accompanied  by  the  emiaaion  of  an  electron; 


rH 
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f 


i  *  e  •  f 


oarboa  ^0 
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deeaya  with  the  emiaaion  of  a  aingla  beta 
particle,  an  electron,  to  become  nitrogen 

Similarly  to  ohemioal  reaotiona.  the  radioactive 
decay  proceaa  ia  recorded  in  tha  fora  of  aynbolio  equationa. 
On  th*  left-hand  aide  we  write  the  aymbol  for  the  iaotope  or 
initial  nuoleua;  to  the  right  of  the  arrow  are  written  the 
aymbola  for  the  final  decay  produota.  The  following  notation 
ia  uaodt  —  electron,  n  —  neutron,  p  —  proton,  y  —  gamma 
quantum. 

The  oonoept  of  activity  ia  introduced  to  compare 
varioua  radioactive  materiala. 
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Ltt  us  dsnots  bj  M  ths  Uitlibsr  of  uttolol  of  •  tudlo* 
ostlTs  ootorlol  ltt  00*0  ooidj^ot  tbou  tho  auabor  of  auoXol 
doosyiut  Pdv  oooomd  will  bo  iX.  »  inMro\  io  tbo  fsaiXisr 
dooay  ooftotuat*  tbo  ptotubt  IX  roproooato  tho  aetlTltp  of 
tbo  glTOa  80lipl#« 

If  «o  doaoto  by  0^  tbo  inltiai  aotlTlty,  uad  by  0 

tho  ootlTlty  at  iaataat  t»  tboa  aooordiag  to  ibo  dooay  lav 
VO  ahall  bovo  tho  rolatioa 

0*0  0*^^. 
o 

la  dotoraiaiac  tho  biMatlty  of  radioaetlTo  aatorial 
(aotlTlty)  tbo  soot  vidoly^uood  uait  io  tho  *ourio*»  ia  hoaor 
of  Piorro  aad  Karlo  Oario.  Tho  ouaio  io  tho  quaatity  of  radio* 
aetivo  aatorial  ia  vhioh  3*7  •10'v  dioiatoaratioao  oooar  par 
ooooad.  Approaiaatoly  tho  oaao  aaabor  of  dioiatocratioaN  ooeur, 
for  ozaaplo,  ia  a  graa  of  radiua  oaoh  ooooad.  Thuo,  tho  aetivity 
of  oao  graa  of  radiua  io  praotieally  oqual  to  oao  eurio. 


2.  ai 


•.'Try  wtt.  ■•rrrrrt  Tn  » 


laiooioao  froa  radioaotivo  oloaoato  aad  tho  produoto  of 
auoloar  roaetioao,  oueh  as  gaaaa  rays,  aoutroao,  protoas»  alpha 
aad  hots  partieloo,  all  produoo  ioaiiatioa  ia  past lag  through 
aattor. 

Ohargod  partieloo  produoo  ioaisatioa  aloag  thoir  path 
dirtotly  through  tho  aotioa  of  tbo  olootrie  fiold  on  orbi* 
tal  olootroBS  of  tho  targot  aatorial*  Oaaaa  rayo  and  aoutroao 
do  aot  produoo  ioaisatioa  dirootly.  Bovovort  oo*oallod  ooooadary 
elootroas  arioiag  ia  tho  absorptioa  of  gaaaa  rays  by  aattor» 
do  result  la  ioaisatioa. 

Tho  irradiatioB  of  lire  tioouoo  vith  ioaisiag  radiattoa 
over  opooiflo*  so*eallod  asxiaua  poraisoiblo  levels  vhioh  vill 
bo  ladioatod  beloVf  oaa  bo  daagerous  to  huaaa  life  aad  health. 
This  is  duo  to  daaago  to  eollo  vhioh  is  the  result  of  the 
ioteraotioB  of  radiatioa  vith  tho  atoM  ia  tho  biologieal 
tissue. 

The  daagor  froa  vhioh  tho  operatiag  persoaaol  of 
nueloar  povor  iastallatiOBS  aost  be  protootod  oao  be  tvofoldlt 
ia  the  first  plaoo,  ostoraal  radiatioa,  aad  seeoadlr,  tho  acre 
ooBooalod  aad  poraieious  daagor  of  iatoraal  irradiatloa  as  a 
result  of  the  ooataaiaatioa  of  air,  voter,  aad  food. 

The  peaotrstihg  povor  of  alpha  sad  beta  part  isles  is 
aot  groat,  eo  that  ia  operatiag  a  auoloar  roaotor  there  is  ho 
aeed  for  spoeial  aeasures  to  proteet  porsoaael  froa  exteraal 
irradiation  by  thdeo  rays*  In  these  oases,  as  vill  be  ohova 
belov,  it  io  neoeooary  to  deal  aerely  vith  proteotion  froa 
aoutroao  and  gsBaa  rays. 
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Howtver,  alpha  and  bata  rays  aaauBt  major  iaportaaoa 
in  tho  proaaaot  of  tha  aaooad  typa  of  daagari  l«a.,  with  tha 
poaaibllity  of  radloactlva  aubataaoaa  antariag  tha  orgaalaa* 
For  a  quamtltativa  aTaluatloa  of  tha  affaota  of  loa* 
laiag  radiation  on  tha  irradiatad  madiua  wa  uaa  tha  notion  of 
tha  abaorbad  radiation  doaa* 

Tha  abaorbad  doaa  la  dafiaad  ao  tha  radiation  anargy 
abaorbad  by  a  unit  maaa  of  irradiatad  madiumt 

C  «  I/M, 


vhara  D  la  tha  abaorbad  radiation  doaat 

S  la  tha  anargy  abaorbad  by  tha  irradiatad  matter; 

M  la  tha  maaa  of  tha  irradiatad  material, 

Tha  amount  of  anargy  abaorbad  by  a  unit  naaa  of  ir» 
radiated  material  per  unit  tine  ia  accordingly  called  the 
doaa  rata: 

F  *  D/t, 


where  F  ia  tha  doaa  rata; 

D  ia  tha  radiation  doaa; 
t  la  tha  duration  of  irradiation, 

Aa  tha  praotioal  unit  for  maaauring  tha  radiation 
doaa  wa  uaa  tha  roantc^n  (r)  ••  the  doaa  of  X»raya  or  gamma 
raya  in  tha  air  with  which  tha  oonconitant  oorpuaoular  amia* 
oion  par  0,001293  gram  of  air  will  produce  iona  in  tha  air 
carrying  a  charge  of  one  eleotroatatlo  unit  of  alaotrlcity  of 
each  aign.  Tha  number  0.001293  la  tha  maaa  in  grama  of  one 
cubic  eantimatar  of  air  at  0*C  and  760  an  Rg. 

Tha  thouaandth  and  millionth  fraotiona  of  a  roentgen 
are  written  mr  and  mcr  and  are  called  tha  nilllroantgan  and 
micro roentgen. 

Tha  X-ray  or  gamma-ray  doaa  ia  a  maaeure  of  radiation 
baaed  on  Ita  Ionising  ability.  By  the  abaorbad  radiation  doaa 
wa  mean  the  energy  of  tha  lenialng  radiation  abaorbed  by  a 
unit  maaa  of  material.  Tha  unit  of  abaorbed  radiation,  the 
rad,  ia  equal  to  100  ergo  par  gram  of  irradiatad  material. 

Let  ua  olte  aoma  data  In  order  to  Indicate  the  mag¬ 
nitude  of  tha  one -roentgen  doaa. 

Natural,  oonditiona  —  ooamie  raya  —  0.016  mr/day. 
Natural  conditions  —  naturally  radioaotlva  aubatanoea 
inaida  and  outside  the  human  body  —  0,001  r/day, 

Kazimum  permiaaibla  doaa  of  total  occupational  ir¬ 
radiation  for  the  human  body  —  0.3  r/waak. 

Maximum  single  dose  permiaaibla  in  total  irradiation 
of  human  body  —  3  r. 

Radiation  sioknaaa  with  overall  Irradiation  of  tha 
human  body  —  100  r  and  up. 

Minimal  absolutely  fatal  doaa  with  overall  irradiation 
of  tha  human  body  —  600  r. 
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Therapeutic  dceee  (local  irradiation)  —  up  to 
15»000  r. 

At  the  present  tine,  in  connection  with  the  practical 
nece salty  of  detemlning  the  Intensity  of  beta  rays  and  neu¬ 
tron  beans  I  the  concept  of  the  physical  e^uiTalent  of  the 
roentgen,  the  rep  (roentgen  equivalent,  physical )|haa  been 
introduced.  A  1 -rep  dose  oorresponds  to  the  ionisation  for 
which,  regardless  Sf  the  nature  of  the  ioaicing  particles, 
about  2*10^  ion  pairs  are  formed  in  one  cubic  centimeter  of 
air  at  t  s  o*C  and  760  mm  )?§}  this  is  equal  to  one  electro¬ 
static  unit  of  charge. 

The  situation,  however,  is  oonplicated  by  the  fact 
that,  as  was  shown  by  studies  on  experimental  aninals,  various 
biological  effects  are  produced  by  the  same  degree  of  ioni¬ 
zation  of  air  produced  by  different  types  of  radiation.  It 
was  necessary  to  introduce  the  notion  of  relative  biological 
effectiveness  (RBB)  of  various  types  of  ionizing  radiation 
and  the  unit  called  the  reb  (roentgen  equivalenx,  biological). 

The  reb  is  the  amount  of  energy  in  a  type  of  radiation 
whose  biologioal  effeot  Is  equivalent  to  that  of  1  r  of  X-raye 
or  gamma -rays.  The  reb  is  different  for  various  types  of  radi¬ 
ation. 


The  relative  biological  effeotlvenees  of  various  types 
of  rediation  it  a  quantity  aquivalent  to  the  affaot  on  the 
organism  of  a  single  maxiisun  peraleslble  daily  dose  of  ooeu- 
pational  radiation. 

Let  us  olte  soa»  data  on  the  relative  biologioal 
effectivaness  of  various  types  of  radiation;  our  unit  is 
the  biologioal  effaotivenssa  of  X-rays  with  a  boundary 
energy  of  200  kev  (Table  i  )• 


Table  t 


A  s  Isotope;  B  s  RBE;  C  s  Maximum  permissible  daily  doses; 

I)  s  reb;  C  s  rep  or  r;  F  s  X-raye;  G  s  Gemma  rays;  H  s  Beta 
rays;  I  a  Alpha  particles,  protons;  J  a  Thermal  neutrons; 

K  a  Fast  neutrons. 
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At  wai  pointed  out  above,  radioactive  ieotopee  enter¬ 
ing  an  organien  are  a  particularly  great  danger.  This  is 
beoauee  of  the  difficulty  and  aXovneea  of  their  removal  from 
the  organism  and  the  direct  action  of  their  radiation  on  the 
vital  organa  of  the  system. 

In.  examining  the  qiusations  having  to  do  with  the  con¬ 
tent  of  radioactive  materials  in  the  organism,  ve  introduos 
the  concept  of  the  so-called  critical  organ,  i,e,,  an  organ 
on  which  the  effect  of  a  given  concentration  of  a  radioactive 
element  determines  the  basic  portion  of  the  biological  effect. 
It  is  introduced  becaute  of  the  fact  that  various  elements 
tend  to  concentrate  la  some  particular  organ  or  tissue,  as 
a  result  of  which  their  action  on  this  organ  or  tissue  has 
decisive  importance. 

The  maximum  permissible  concentration  of  radioactive 
isotopes  in  a  critical  organ  is  calculated  assuming  a  maximum 
permissible  doss  of  0,3  reb/weeX,  taking  into  account  the 
energy  of  radioactive  decay,  the  average  weight  cf  the  critical 
organ,  the  half-life,  and  the  natural  biological  elimination 
of  the  isotope  from  the  organism  in  waste  matter. 

Table  2 

Maximum  Pemissible  OcTCentmione  of  Some  ^dioactive  lao- 
toces  in  the  Water  of  Qnen  Vessels  and  the  Air  of  Working 


1  ^ 

1  MaoToa  0) 

npuMasesosycTHMae  k^cht> 
pause.  Kiopit/4  ig) 

a  Boxe 

IBOI 

CTpOHttHA-90 

310“" 

3.10“'® 

Hox-ldl 

e  io-‘i  • 

010-'® 

KcfiiOH-133 

110-* 

nojlOHMA'210  li  ' 

2.I0“" 

110-'* 

P«XHfl-226  ^  , 

5.10“"  • 

3.10*'* 

riAyTOHHft-S^ 

6.I0“" 

2. 10“'* 

1 

A  =  Isotope;  B  a  Maximum  permissible  concentration,  curies/ 
liter;  C  a  in  water;  D  a  in  air;  TS  a  Strontlum-90;  f  a  Iodine- 
131  ;  G  Xenon-133;  H  a  ?oloniun-210;  I  a-gadium  -226;  J  a 
Plutonium-239, 

* 

The  maximum  permissible  concentration  in  air  and 
water  is  determined  under  the  assumption  that  the  amount  of 
water  consumed  by  a  human  being  is  about  2200  oc/day,  while 
the  excreted  amount  is  2«tO'  oo/day.  Table  2  shows  the  maxi¬ 
mum  permissible  concentrations  of  certai  radioactive  iso¬ 
topes  in  air  and  water. 
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bladltt*  muTaa^  SbiXI  •I«etroili«,»ri  ItdttMl  Itt 
tlM  atoa  Df  in«  tl«oiMitii{Io  «ttv*oti#]i  af  tlialr  wn^ttif 
oterg*  t«  tiw  poftiilvt  ohargt  «»  tte  muolma*  fh*  blading 
•nargy  of  the*#  alaotraai  and  tba  aaol.a)ia  la  lamMurabl.T 
aaalltr  thaa  the  bladiag  aaargy  batvaaa  tha  aaolaar  partiolaa* 
abloli  la  aaa  tha  ordar  of  aavaral  alUioa  aiaetraa  irolta 
(mvI.  Tha  high  blading  aaaagy  of  Baubroat  and  protoaa  la 
atoalo  anoXal  axplaioa  thair  aaornetia  atablXlty* 

At  flrat  glaaoa  It  alght  aaaa  that  atoale  aaoXal 
oanaot  ha  atabXa  alaoa  tha  protoaa  ooatalaod  la  than  auat 
rapal  aaeh  ethar  alaoa  thay  oarry  tha  aaaa  oharga,  Tha  anargy 
of  thla  rapuIaioB  la  glaaa  OouXaab'a  lair.  Hooavar,  tha 
atablllty  of  aoat  atoalo  auolal  la  arldaaoa  of  tha  foot  that 
irtioa  protoaa  approach,  attrootlva  foreao  ara  aupatlapaaad  on 
tha  rapaXalra  ferea  ahloh  laexoaaa  rapidly  tha  oIooot  l^a 
approach*  At  diataaoaa  of  t0*i3  oa  thay  olgttlfloaBtly  atoaad 
CoaXoab  rapaXaloB*  Tha  aaaa  fercaa  ariaa  ahaa  protoaa  approach 
aautroaa.  Thaaa  attraotlTo  foroaa  batvoaa  auolaoaa  ara  eallad 
Buolaar  forooo* 

Tbara  la  aa  rat  ao  ooaplataly  adogaata  theory  of 
Buolaar  forooa,  nor  la  ararythlag  kaova  abeat  thair  proport lot* 
HewoYar,  thara  la  no  aaed  to  dataralaa  tha  bladiag  aaargy 
for  a  BuolauB  ••  hara  va  aoad  aaraly  naho  uoa  of  tha  aaargy 
eoaaaroatloa  lav*  If  oa  ware  able  to  pull  apart  all  of  tha 
auolaoaa  ana  by  ana  olthout  aadevlag  thaa  olth  oddltioaal 
klaatlo  aaargy,  than  thla  oould  raqulra  an  aaouat  of  Oozlc 
aqual  to  tha  auolaar  bladiag  aaargy.  In  aooordaaoa  olth  tha 
anargy  ooaaarvatloa  lao»  tha  aaaa  aaooat  of  aaargy  aoat  bo 
relaaaad  apoa  tha  fonwtloa  of  a  aoelaaa  froa  thoaa  aaelaaaa 
ragardloaa  of  hoo  It  oooura.  thla  aaargy  la  cada  ap  by  tha 
ohaaga  la  aaaa  of  tha  eoalaoelag  aaelaoaa.  Tha  lao  of  latar- 
aetloa  of  aaaa  and  anargy,  thaoratioally  juatiflod  by  tlataln 
and  anbaaquantly  oaaflraad  by  axpariaonta  oa  nualaar  raaotiona, 
la  aabodlad  la  tha  foraula 
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Ohara  1  la  the  anargyt 
a  la  aasai 

0  la  tha  Toloolty  of  light. 

Proa  thla  ralatloa  It  fallooa  that  oaa  atonic  aaaa 
unit  (t  aan  »  l/t6  of  tha  aaaa  of  tha  baalo  orygaa  iaotopa 

and  oonatlttttaa  f .657*10"^^  g)  la  aqulvalant  to 
1  *  i.657'10*^^  (2, 99790*1  o’®)®  s  1. 49*10*^  erg  *  931  Mav. 


a 
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If  tht  •n«rg7  S  upon  tta«  ervatloa  of  an 

atoBlo  auolona  io  largo,  than  tho  saae  dofoot 

4a  *  1/0* 

haa  a  notioaabla  yalua.  Thia  dafaot  la  eallad  tha  aaaa  dafaot. 
la  othar  vorda,  tba  aaaa  dafaot  la  tha  dlffaraaoa  hatvaaa  tha 
thaoratloal  aua  of  tha  aaaaaa  of  alaotroaa  aad  aualava  aaklag 
up  tha  giaaa  atoa  or  auolaaa  aad  tha  aaaa  dataraiaad  azpari- 
aaatallj. 

Lot  t  protoaa  aad  k-t  aotttroaa  fora  ah  atoa  of  a 
auolaua  with  a  aaaa  a.  Lot  ua  daaota  tha  aaaa  of  tha  proton 
b7  aad  tha  aaaa  of  tha  aoutroa  by 

Thaa  tha  aaaa  dafaot 

»  ««p  ♦  U-t)a^  -  a. 

If  tha  aaaaaa  ara  axpraaaad  la  aau,  than  tha  auelaar 
blading  aaargy  (la  aaa) 

*  *  95t/la  •  931  [aa^  ♦  (A-a)a^  -  a], 

la  praetlea,  tha  blading  aaargy  la  aar  la  aora  aaally 
oalottlatad  froa  tha  foraala 

B  «  931  [aag  ♦  (A-f)a^  -  M], 

la  vhloh  ag  «  1 ,0081 4  aau  la  tha  aaaa  of  tha  hydrogaa  atoat 
a^  «  1 *00895  aau  la  tha  aaaa  of  a  nautroat  M  la  tha  aaaa  of 
tha  laotopa  la  aau. 

Aa  aa  azaapla,  lot  ua  dataralaa  tha  aaaa  dafaot  aad 
tha  BuoXaar  bladlag  aaargy  for  tha  laotopa  of  ttraaia»p235 
ahoaa  aaaa  la  aau  la  atual  to  235*2 t 

4a  s  92*1  *00814  ♦  (235-92)1  *00895  -  235.2  «  1 .90  aau| 

1  ■  931*1*90  »  1770  BOV* 

Hanoa  tha  bladlag  aaargy  par  auolaon  la  1770/2350*7*5 

aav* 

■uplaar  roaotloaa.  Uadar  oartala  eoadltlaaa,  eartala 
atoalo  auolal  can  raaot  vlth  othar  auolal*  Aa  dlatlaot  froa 
ohaaloal  raaotioao,  ahaa  thara  la  a  raarraataaaat  of  tha 
outar  alaotroB  ahalla  of  tha  atoa,  tha  auolal  thaaaalYoa 
uadargo  raatruoturlag  la  auelaar  raaetloaa*  la  aaay  oaaaa 
thla  laada  to  tha  traaaButatloa  of  eartala  ohaaloal  alaaanta 
Into  othara* 

Slallarly  to  ohaaloal  raaetloaa,  auelaar  raaotioao 
ara  vrlttaa  la  tha  fora  of  ayabolle  aauatlone*  for  axaapla, 
tha  raaotloBiOf  aautron  oaptura  by  hydrogaa  irtkioh  laada  to  tha 
foraatloa  of  haayy  hydrogaa  (dautarlua),  la  vrlttaa  aa 

♦  a  — ♦  r 
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Xt  la  taay  to  aoa  thot  iaattnoh  oa  tlia  tetol  anabtr 
of  nuolioaa  (Yvotana  oatf  atutroaa)  la  eo&aarvad  la  aaalaar 
taaatloaa«  lAta  a«a  of  tha  aaaa  aambara  of  tha  laltlaX  aaalaao 
tad  latafaatiac  paatiela  la  aqaal  to  tka  aaa  df  ttw  aaaa  worn- 
bara  of  tha  flaax  raaotioa  prodaeta.  tiallarikfv  la  aooordaaoa 
atth  tha  aall-dEBoan  lav  of  ahatffi  oaaaorvatloa,  tha  ava  of 
tha  aabaoUpta  la  tte  ajabola  hafora  aad  aftar  tha  aaaetloa 
raaalaa  tha  aaaa. 

Aiolaar  raaotlona  oaa  arlaa  la  tha  Inadiatloa  of 
Btthataaeaa  with  aaatraaa.  prataaa.  alpha  partlalaty  ato. 

Tha  prahahlXlty  af  tha  oooaroaoa  of  aaelaar  raaatiaoa  la 
oharaotariatd  vlth  tha  aid  of  a  oartala  dvaatity  eallad  tha 
affaotlva  rtaotloa  oroao^oaotloa  aad  aapraaaad  la  nalta  of 
araas  i.a*.  tha  hoaiaadad  aaalaaa  la  aaalfMd  am  affaetlva 
tarcat  araa  vhleh  It  la  aaoaaaaax  to  hit  ui  ordar  far  tha 
raactloa  to  oooar. 

Lit  tta  axplala  thla  la  (taatar  da tall.  Ppoa  tha  paa* 
aaflt  af  aajr  partlelaa,  aiiah  aa  aaatroaa,  thraaid^  aattar. 
varloua  tma  of  lataraotloaa  aap  taka  plaaa  hatvaaa  thaa  aad 
tho  nuelal  of  tha  auhataaoa.  Hovovar,  aoaa  of  tha  aaatroaa  will 
paaa  throagh  tha  aahataaoa  vlthovt  aap  lataraotiem  vlth  ita 
atoaa.  It  tha  aahataaaa  la  haBOfaaaoar  •  vhila  tha  aaatroaa  art 
af  aqaal  aaarfjr  aad  dlraotloa,  tha  prahabUlty  of  partialpa« 
tloa  la  tha  aaalaar  roaotlaa  anst  bo  tha  aaiw  for  all  Bautroaa 
aad  all  atoaa  af  tha  aabotaaaa  Irradlatad  vlth  tho  aaatroa 
baaa.  Bumo  it  foUova  that  tha  lav  vhioh  taahtitaiivolp 
dataralaoa  tha  iataraotlea  of  aootroaa  aa4  aaalai  Mat  havo 
a  puralf  otatle  oharaatar.  Tha  aaBbar  of  Bootroaa  lataraotlac 
with  atoaa  aoat  bo  proportloaal  ta  tha  awibor  R  of  aaatroaa 
la  tha  boaa,  tha  aohbor  a  of  atoaa  par  talto  toIom  of  ^o 
aobataaoa.  aad  tha  froo  path  of  tho  aootroaa  la  tho  aabotaaco. 

Doaetlag  bfi  tha  aoabor  af  aoutroaa  falllag  at 

rldht  aaklaa  oa  o  flat  lajtr  of  aatorlal  of  thlokaaoo  k.  oad 
bj  tho  BOBibor  of  aoatroM  oaorglac  from  tho  layor*  it  la 

poatlhla  to  ohov  that 


vhoro  <r  la  tho  proportioaallty  eoofflqloat. 

Slaeo  a  haa  dlaaaaloaa  af  am*?  oad  r  la^io  ao.  tha 
ooafflalaat  af  proportl ovality  iT  aoat  ba  la  aaF*  Xt  la  aallad 
tha  affaotira  aaoltar  araaa«aaatlaa  aad  raproaaata  a  paaaara  of 
tha  probability  af  tdia  dvaa  roaatlaa. 

Xa  tha  oaaa  of  a  aaolaar  raaotar,  tha  aoat  lapartaat 
raaotlona  aro  thoaa  lavolTiad  tha  intaraotloa  of  aantroaa 
vlth  oat tar. 
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The  collision  of  neutrons  with  the  nuclei  of  bom¬ 
barded  atoms  can  be  classified  as  numeroos  types  of  nuclear 
reactions,  among  which  the  most  important  are  the  following, 

1  •  Nuclear  fission  (n,p)  in  which  the  nucleus  of  a 
heavy  element  following  neutron  capture  splits  up  into  two 
fragments  (approximately  equal  in  mass)  with  the  emission  of 
two  or  three  neutrons, 

2.  Radiation  capture  (n,  If  )  —  the  most  probable  pro¬ 
cess  for  thermal  and  slow  neutrons. 

3.  Elastic  scattering  (n,n)  —  soattering  without 
alteration  of  the  structure  of  the  bombarded  nucieus,  in 
which  the  kinetic  energy  of  the  neutron-nucleus  system  ra- 
oaine  constant. 

4.  Inelastic  scattering  (n,n')  —  scattering  In  which 
there  occurs  a  nuclear  Interaction  between  the  bombarded 
nucleus  with  a  neutron,  end  n  subsequent  release  of  the  neutron 
with  an  altered  kinetic  energy, 

A  special  case  of  Interaction  between  a  neutron  and 
an  atomic  nucleus  is  the  scattering  of  neutrons  by  atomic 
nuclei.  As  we  shall  see  below,  this  phenomenon  is  important 
in  reactor  operation. 

To  conclude  this  eection,  let  us  cite  oeveral  examples 
of  nuclear  reactions. 

Nuclear  fission: 

mU*  +  .,Ir“  +  +  3^»; 

*4pu“*  -f- 

Radiation  capture; 

»H‘ +  jH* -f- y; 

trCo**  +  +  Y. 

(n,p)  reaction: 


1 


Chapter  II 


REACTORS  —  SOURCES  OF  IONIZING  RADIATION 


The  auolear  reactor  le  the  heart  of  a  nuclear  power 
plant;  It  produoea  the  energy  whloh  puts  naehlnee  in  notion: 
turbines,  generators,  etc.  The  operation  of  a  nuclear  reactor 
is  aoeoapanied  by  the  fomation  of  powerful  streaas  of  ionis¬ 
ing  radiation. 

It  is  neoesaary  to  have  a  clear  idea  of  the  process 
involved  in  the  appearance  of  ionising  radiation  in  a  reactor 
and  other  elenents  of  a-  nuclear  power  installation  in  order 
to  be  able  to  assure  reliable  radiation  safety  to  the  operat¬ 
ing  personnel. 


4. 

The  fission  process  is  nost  easily  explained  by 
appealing  to  the  so-called  drop  aodel  of  the  nueleue.  It  is 
known  that  due  to  the  autual  attraotion  of  aoleeulea  in  the 
surface  layer  of  a  drop  of  water,  the  drop  assuaes  a  spherical 
fom  stable  to  deforaing  forees. 

It  is  supposed  that  sn  analogous  phenoaenon  occurs  in 
the  atomic  nucleus.  Quite  naturally,  if  a  drop  or  nuoleua  la 
supplied  with  enough  energy,  it  is  likely  that  it  will  split 
up  into  two  saaller  parts.  In  this  process,  a  significant 
role  is  played  by  the  nuclear  binding  energy  in  the  fora  of 
Coulomb  repulsive  forees  and  surface  tension  forces.  The 
deforaation  of  the  nucleus  under  the  action  of  a  bombarding 
particle  first  increases  the  binding  energy  to  a  aaxiaua  due 
to  the  enlargement  of  the  surface  and  the  surface  forces. 

Then  the  binding  energy  diainlshes  rapidly  due  to  Oouloab 
forces  (charged  particles  drawn  apart  to  great  distances),  and 
this  is  no  longer  ooapensated  by  an  Inorease  in  the  surface 
binding  forces.  There  is  a  fission  process  (Fig  2). 

in  eaoh  of  the  fragments  formed  in  the  splitting  of 
an  unstable  nucleus,  the  attractive  forces  already  outweigh 
the  repulsion,  and  the  energy  of  the  new  system  is  lower 
than  that  of  the  original  one.  For  this  reason  it  can  be 
assumed  that  some  amount  of  energy  must  be  released  in  the 
formation  of  two  fragments. 
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th«  flsftlftm  of  uraaittn  laucloi  ii  aooeapinloA  i(hm 
froMtioa  of  flitloa  rmcM&tt  irith  »  ■*§•  croator  tiuit 
of  hfdrogta  by  72*159  tliao.  Thoy  or*  the  aneloi  of  olotMatt 
looatod  la  tho  alddio  yortioa  of  tho  forlodlo  Tmblo. 


i6  O  c=o  CO 

cr^ 


figure  2.  -SohoMtie  rtprMoatatloa  Of  the  prooMa  of  l^o  di- 
▼iiioa  of  a  aaoloaa  lato  too  "dfopa"  (frigaoato). 

BooaoM  of  the  foot  the  auoXei  of  hoai^  Ol4Mo|ato 
coataia  a  Xargaa  aaabar  of  oeatfoao  la  eoaparlaeo  vitb  the 
Buolcl  of  atoai  la.  the  alddXo  portloa  aad  hog laalac  pao^t  of 
the  Period lo  Table,  their  fragaeate  llkeirlae  hate  aa  eroooa 
of  BoatroBai  which  aeooaataA  la  partloalar  for  tiialr  beta* 
aetlrity*  Such  beta*aotlOe  aoolai  giro  rlae  to  aa  oBoraoaa 
warloty  of  ohdla  doeay  reaottoBa  [aotoi  the  tara  fttgtiy_  ilflffini 
refere  to  a  aartea  of  laotopta  fomad  oa  a  yoault  if  gho 
aucoeaalwe  doeay  of  aaoh  of  the  dooay  fragaaBta  oatl^  the 
format  1  OB  of  a  a  table  laetope].  Per  aaampla  tho  i^gaiaat 

^Kr^^  foraed  la  xiraalnH  decay  baa  the  follovSag  decay  Chain t 


r 


aa 


(ctable)* 

heiMt 


The  final  yiald  of  any  flaaion  proiuot,  l*o«^#  ita 
peroentage  ratio  to  the  ether  preduota,  la  defSBad  aa  tlM 
relative  nuttber  of  fietlon  eVonti  leodlng  to  the  foieiatieB 
of  o  given  fregnent.  Fig  3  ahowe  the  yield  ef  vartotto  fiailim 
fragoenta  af  ttraBlBB*255  (aa  a  pareaBtaga)  upea  aetitroB  ir* 
radlatlOB. 

The  naet  leportaat  veealt  of  fleeloB  le  the  releaee 
of  energy,  it  la  known  that  far  flaaien  fragMmte  with  mate 
numboio  70*^ do  tha  binding  anargy  aaounte  te  aa  avoraft  ef 
8.35  aev,  and  for  tho  uraBiwn  aton,  aa  waa  ahowa  abava.  to 
7.5  aev  per  anoloom.  Tho  dlffortaee  botwooa  the  total  binding 
eaargy  ef  the  oraBlua  mioleme  ooatalnlng  235  nuoleoBB  and  the 
total  blndlag  of  the  two  frogneBt  Buolei  le  about  (8 .35-7 *5)235 ds 
':%i200  mev* 
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Thus,  the  fission  of  a  ursnluo  nucleus  liberates 
enormous  energy  --  on  the  order  of  200  million  electron 
volts.  More  precisely,  the  total  fission  energy  Is  distri¬ 
buted  as  follows: 


Kinetic  energy  of  fission  framents... . 167  mev 

Snergy  of  fission  gamma  rays  and  fission 

framents  . . .  11  mev 


The  renualnlng  portion  Is  spread  over  a  number  of 
processes  taking  place  in  fission 

In  the  process  of  nuclear  fission,  in  place  of  the 
absorbed  first  neutron  which  produced  the  process,  several 
secondary  neutrons  are  formed.  This  can  be  explained  as 
follows . 


Figure  3.  Yield  of  various  fission  fragments  of  uranlum-235 
upon  Its  Irradiation  with  thermal  neutrons,  A  =  Fragment 
yield,  B  ss  Mass  number. 

All  of  the  fission  fragments  possess  a  higher  ratio 
of  neutrons  to  protons  than  Is  the  oase  for  stable,  non- 
radloactlve  nuclei.  The  great  majority  of  fragments  are  for 
this  reason  beta-active,  however.  In  some  of  them  the  excess 
of  neutrons  la  diminished  by  their  emission.  Neutrons  emitted 
by  nuclei  are  classed  either  as  prompt  neutrons  or  as  delayed 
neutrons.  Prompt  neutrons  are  those  which  are  emitted  dlrecly 
In  the  fission  process  lasting  10*^2  sec.  An  average  of  2  or  3 
prompt  neutrons  are  emitted  during  a  single  fission  event  for 
uranlum-235. 

The  relative  number  of  such  neutrons  In  certain  energy 
Intervals  Is  given  below; 
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Ov«r 

Energy  interval,  aer  0— l  l>-2  2—3  3—4  4— S  5—10  10 


Relative  number  of 
neutrons  (per  fia-> 
sion  neutron) in 
given  energy  inter- 
val«...  . . . 

0.306  0.tM  0,186  0.103  0.066  0.056  0.0021 

- “Twro - 


In  addition  to  the  prompt  neutrons  immediately ~aedom- 
panying  the  act  of  fission,  in  a  small  number  of  eases  (less 
than  1%)  ve  also  observe  a  phenomenon  of  neutiran  emission  over 
a  considerable  time  interval  following  fission.  The  eoureea 
of  such  neutrons,  which  have  been  sailed  delay^  neutrons, 
are  certain  of  the  fission  fragments:  e,g.,  Br^  or  Jl37. 

It  is  interesting  to  note  that  these  isotopes  emit  neutrons 
with  the  same  half-life  that  is  characteristic  of  their 
beta  activity  (Fig  4). 


tr 


•  mt'mmtes 


V  " 

»  1 


.87 


sec 


Hr  (aittmityii 


Figure  4.  Decay  scheme  of  338r  '  nucleus  with  emission  of 
delayed  neutron. 


In  Table  3  we  present  some  data  on  delayed  neutrons. 

To  conclude  this  section,  let  us  briefly  oonsider 
the  problem  of  uranium  nuoleus  splitting  by  neutrons  of 
various  energies.  First  of  all  we  note  that  the  secondary 
neutrons  formed  in  fission  can  have  the  most  diverse  energies, 
up  to  and  including  10-20  mev. 

Heutorns  with  an  energy  of  0.025  ev  are  called  thermal, 
while  those  over  0.5  mev  are  fast  neutrons.  Quite  naturally, 
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the  flsBlon  process  requires  sons  excitation  energy 

(Pig  5)  to  ovsrcooe  the  so-called  potential  barrier  [note: 
the  potential  barrier  is  a  region  of  states  of  a  i&aterial 
system  Kith  increased  potential  energy,  separating  regions 
of  lower  energies].  Thus,  it  will  occur  only  under  the  con¬ 
dition  that  an  amount  of  energy  at  least  equal  to  is 

added  to  the  system.  In  one  ease,  it  turns  out  that  suff'^ci- 
ent  energy  is  provided  by  the  binding  energy  which  is  re¬ 
leased  upon  the  addition  of  a  thermal  neutron  to  the  nucleus; 
in  the  second  case,  a  faster  particle  must  be  added.  Prom  the 
standpoint  of  Industrial  exploitation,  the  most  feasible 
approach  at  the  present  time  is  thermal -neutron  fission. 
Actually,  uranium  found  in  nature  contains  about  C,7t  of 
U-235,  traces  of  U-254,  and  over  99'^  U-238,  Of  the  two 
uranium  isotopes,  only  U-235  undergoes  fission  under  bombard¬ 
ment  by  both  fast  and  thermal  neutrons. 

Table  3 

I'elayed  Neutrons  Upon  Plsaion  of  U-235  Under  Bombardment  by 

Thermal  Keutrons 


ricpsQA  BOJiypec- 
rijis.  cew. 

dneprss,  sm 

(B 

OrsocMTessnul  swxox 
(or  DOiSNoro  <(0040  selTposos 

JIMSSMS). 

W.6 

360 

0.006 

20.0 

670 

O.tM 

4.61 

412 

0.213 

1.6S 

670 

0.341 

0.43 

400 

O.QK 

A  =  Half-life,  seconds;  B  s  Energy,  kev;  C  =  Relative  yield 
(percentage  of  total  number  of  fission  neutrons);  D  s  Total 
yield:  0.730, 

U-238  undergoes  fission  only  when  bombarded  by  fast 
neutrons  with  an  energy  greater  than  1  mev;  with  energies 
below  1  mev,  the  fission  probability  sharply  falls  off  to 
zero.  Past  neutrons  are  formed  directly  in  the  fission  pro¬ 
cess,  but  already  after  several  oollisions  with  nuclei  of 
surrounding  matter  or  uranium  itself  they  lose  velocity  and 
can  no  longer  effect  the  fission  of  U-238.  As  a  result,  they 
become  thermal  and  remain  in  this  state  until  the  moment  of 
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capture  aov  bjr  V-S35  auolel  la  large  aeaeure*  Koirerer.  at 
the  preeent  tiae  great  atridea  are  be lag  aade  la  the  develop- 
■eat  of  reaotora  ualag  aedlua-eaergf  aad  faat  aeutroas,  la 
vhleh  the  flaalea  prooeoo  takee  place  largely  due  to  atutroao 
whoee  eaerglea  mage  froa  0.1  to  0.5  aev  aad  froa  0.5  aov  up. 


Figure  5.  Qualitative  repreoeatatloa  of  poteatlal  barrier 
which  Buat  be  overeoae  la  flooloa.  A  «  B  «  Uoagatloa 

of  epllttlag  aneleno;  C  «  Flooloa  roaotloa  eaorgy. 

The  advantage  of  oueh  roaetoro  lleo  aalnly  lo  their 
aubotaatlally  saaller  olze,  which  la  of  apeelal  laportaaoe 
la  aarlae  eai^eerlag. 
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5.  Tbe  Chiiln  ReftcUfln,  agd  th»  KncXear_B9^clar 

As  was  pointed  out  t^ove,  nuclear  fission  Is  aocon- 
pAaled  by  the  emission  of  secondary  neutrons i  vhose  number 
Is  greater  than  one.  Let  us  assume  for  the  sake  of  oonorete*> 
nees  that  two  new  neutrons  are  formed  in  fission  (?lg  6)  and 
eaeh  of  them  produoes  new  fission  events,  i.e«,  the  new 
nucleus  has  split  to  form  two  new  neutrons  whioh  produce 
four  neutrons,  eto.  Ihis  idealised  case  constitutes  an 
idealised  chain  reaction.  The  name  "chain  reaction**  is  bor* 
rowed  from  ohenlstry  where  the  tern  refers  to  a  reaction 
whose  products  enter  Into  combinations  with  the  initial 
products,  as  a  result  of  which  the  reaction  develops  con¬ 
tinuously. 


Figure  6.  Comparison  of  chain  I'saotion  involved  in  uranium 
nucleus  splitting  with  absorption  (b)  of  some  of  the  neutrons 
and  without  it  (a).  A  s  Prinary  neutron;  B  s  Plseion  neutrons; 

C  s  t^eutron  renalnlng  after  fieaion;  D  s  Absorption  of  nucleus. 

The  idealized  case  differs  greatly  from  the  actual 
one,  however,  inasmuch  as  there  are  several  factors  hindering 
the  development  of  a  chain  reaction.  Among  these  are: 

t }  the  absorption  of  thermal  neutrons  by  the  fissionable 
material  itself  (e.g.,  radiation  capture  of  neutrons  by  U-236} 
not  aoccmpaniod  by  fission; 

2)  the  presence  of  admixtures  which  absorb  thermal 
neutrons  in  the  uranium; 

3)  the  leakage  of  neutrons  from  the  reaction  zone 
through  the  surface  of  the  nuclear  fuel.  This  process  of 
neutron  eaoaps  through  the  uranium  surface  without  further 
fission  has  bean  termed  neutron  leakage; 

4)  fission  occurs  most  effectively  when  realised  by 
means  of  thermal  neutrons;  at  the  same  time  the  majority 
of  secondary  neutrons  have  an  energy  of  about  1-2  mev,  so 
that  it  beoomee  necessary  to  slow  them  down  by  special  means. 
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Tbt  latter  f*dt  i«  ef  daeielva  iapertaiMa  la  the  deaiga  ei 
aaoiMr  laaetort. 

Xa  ardar  ta  araat*  farontla  oeaditiatui  for  aavttrao 
rttardatlam.  it  la  aaaaaaar/  to  ait  tha  waaiiia  vita  Wb* 
ataaaaa  eaaiaialag  alaaaata  of  lav  atoaie  valfiat  vatek  art 
capabla  of  alaviaa  daw  atutroat  to  tkaraal  ttttygiaa  vilHtavt 
thtir  iataaaiva  aaaarptioa.  ¥tta  taapoBitloa  af  tka  vUtiifa 
(protaatatt  aaataat  af  aodaratar  wtarlal  aad  vraaaiwi  ia 
aarefollf  aalaatad*  Zf  tiia  yrapartlaa  la  treparlp  datar«laad» 
tha  numbar  of  aaaaaiarp  aaatroM  fawad  la  waH  a  alactvra 
upoa  tho  ooi^atiaa  af  oaa  fiaalaa  avola  aaa  asaaad  tlia 
auabar  af  prlaavy  aaatraaa  aavansi  Hreaat,  to  that  la 
atteh  a  ayataa  it  la  poaaibla  to  hava  a  ealf-aalataUtlJC  ar 
accelaratlic  ehala  raaotlaa. 

Tha  daviaa  In  vhiah  a  aalfwaiatainiUuc  mtalaar  ahain 
reaction  talcaa  pXaoa  haa  baan  aalXad  a  mtalaar  raaator*  To 
realize  the  ahatn  xaaatien  it  la  aaoaaaarj  that  tha  nautromi 
abtalMd  in  fiaaian  prodnaa  imv  fiaaiaa  avanta*  Whan  l^a 
voluna  af  tha  nixtura  af  tha  fiaaianabla  aatarial  and  wdara* 
tor  ia  anally  it  ia  poaaibla  that  a  awtron  vlll  not  vallida 
with  a  aimgla  9«33S  mtalaua  astd  vill  not  prodvea  a  alAgla 
fiaaian  avant  in  panaing  throng  tha  valvaa.  ffovarar,  hi  the 
aadaraterweanlun  nixtnra  it  lharanaad  tha  vuabar  of  taeondarr 
neatrana,  propartiaaal  to  tha  waotar  Toluma»  rlaaa  nara  rapids 
ly  than  thair  laakaga,  vilah  ia  proportional  to  tha  rtaatar 
surinaa.  fw  this  raaaan»  atartiag  with  a  aartain  valtana^  ^a 
nuoibar  of  sccondaiT  nantrona  bagina  to  balaneo  out  idia  muibar 
of  those  ebaorbad*  and  a  aalf««ai]itaialag  auolaar  ahain  rtnation 
becoaes  poaaibla  ia  tha  raaatar*  Tha  anannt  af  imelaar  fnal 
oorreapending  ta  this  ralvne  haa  baan  oallad  aritiaal  aaaa« 

To  radnaa  tha  navtron  laakaga  fron  tha  avrlhaa>  tha 
auelaar  reactor  ia  awrrouadad  with  a  apaalal  x^antran  raflaotar 
[notai  Tha  raflaotar  is  a  natarial  which  whan  hit  br  naatirana 
produaaa  tha  alaatlo  aoattaring  af  tha  latter  bnek  into  tha 
aotiwe  Bona.  Tha  aaat  aui table  natarinla  for  thin  wrpana  are 
daaaa  anbatanoea  af  low  atonia  vaight*  a»g.f  barpllivn, 
graphite,  water,  ata.} 

Iha  aritiaal  raaatar  aim  dapaada  in  tha  first  plaaa 
on  tha  turf see "valona  ratio*  for  axanpla»  a  aphara  haa  tha 
Blainutt  ratio,  aa  that  a  apharioal  raaatar  ratuiraa  tha  laaat 
anoant  of  naolaar  foal*  figo  7  and  6  are  eorraa  ahaviag  tha 
ralatian  af  critical  dinaaaiona  to  naaa* 

To  auantitativaly  oTnlnata  tha  dlaaaaiaaa  af  tha  aatira 
Sana  af  a  raaetor  and  datarnina  the  ratio  of  raaatar  paaar  and 
fuel  charge  weight  ^mixture  of  U<*258  and  U-235)  lot  na  aaka 
use  of  tho  fellowing  farnulaa. 

Tho  aritiaal  raao tor  dlnaasiona  are  fonnd,  aa  va  have 
already  aatabliahad,  aa  a  funotlan  of  its  fora  aaaording  to 
the  axpraaolozia  t 
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r  ss  3.1  Vlf  tor  a  spherical  shape  { 
r  s  2,9^5/f  tor  a  cylindrical  shape,  (H  a  5.^1 /P)  I 
a  s  5*3VP  tor  a  cubical  Chaps. 


Figure  7.  Oependenoe  of  criti¬ 
cal  mass  of  cylindrical  reac¬ 
tors  on  the  anounts  of  fuel  and 
ffloderator.  A  a  Critical  height 
or  nass;  B  a  Diane ter;  C  a  Mass 
D  a  Height. 


Flgiure  6.  Dependence  of 
critical  fluuis  of  spherical 
rsaotor  on  Its  dlaaster. 

A  a  Crltloal  mass  or  radius 
B  a  Crltloal  mass;  0  a  Crl¬ 
tloal  radius;  D  a  Ratio  of 
moderator  nass  to  fuel  mass 


Here  r  Is  the  radius  of  the  sphere,  or  cylinder,  H  Is 
the  height  of  the  cylinder,  a  Is  the  side  of  a  cubs,  and  P  la 
the  so-oallsd  material  laplaolan  whloh  depends  on  the  breeding 
coefficient  and  neutron  diffusion  length  [j&ots:  this 
Is  the  distance  In  whloh  the  density  of  the  neutron  beam 
falls  off  by  a  factor  of  e]. 

Per  a  reactor  with  a  power  on  the  order  of  30,000  kwt 
and  144  heating  units,  researchers  at  Oak  Ridge  determined 
experimentally  that  P  »  8.10-3  cm*l . 

Using  the  formula  for  a  cubical  rsaotor  (Its  active 
zone),  we  obtain  a  cubs  size  of  a  s  5*84/8’*tO-3  s  670  cm. 

The  rsaotor  charge  la  one  the  ord%r  of  800-1000  kg 
of  U-238  In  combination  with  0-235,  provltted  there  Is  a  5-7% 
enrlohment  of  the  Indloatsd  mixture  with  U-235  (l.s.,  the 
weight  of  pure  uranlum-235  will  be  about  40-70  kg). 

A  diagram  of  a  nuclear  reactor  Is  shown  In  Pig  9* 

The  basic  rsaotor  elements  are  as  follows! 

the  active  zone  --  the  space  In  which  the  uranliuB 
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blocks  snd  modorstor  ere  locetts<};  tb«  buolsai’  rcftfr* 

ticus  occur  horo) 

tko  oooXixtg  syoteai  olong  irhlcb  the  prlsary  heat 
tncmrfor  agent  (eater  or  other  aateriala)  aireoXatea  to  rtiKYt 
heat  tron  wa  oative  tone;  this  la  called  the  prlaary  heat 
tnuMter  loepi 

epeolal  eontrol  eXeaenta. 

Let  us  Introduce  the  oonoept  of  the  neutron  breeding 
ooef fie lent  ehloh  will  facilitate  the  explanation  of  reaetor 
operation.  The  nautren  breadi^  ooef flo lent  %  la  defiaad  a# 
tna  ratio  of  tha  nuabar  of  neutrona  foraed  in  fiaeioa  te  the 
nmber  of  neutrona  diaappearlng  due  to  abaerption  or  lealtage. 

1  .e  . . 


Xn  oaaeo  irtiara  tha  chain  rtaotien  begins  vlth  breeding 
ooeff leiente  soxeehat  la  exeeaa  af  unity  (K  >>  l ) .  tha  deaalty 
ef  nautron  atreaas  (and  therefore  the  reactor  pover)  befina 
to  Ineraase  gradually.  Vhea  tha  reaotor  power  has  been  vraught 
up  ta  the  naoeeaary  lawal,  tha  neutron  breeding  eoeff latent 
aunt  be  aade  to  equal  oae*  In  htia  eaae  tha  nvntber  of  aoatrona 
and  tha  anottat  of  eaorgy  releaaad  per  unit  tlaa  will  renaln 
constant. 

Rsaotor  powar  is  varied  by  atans  of  oontrol  over  the 
sits  of  tha  tharaaX  nautron  strsuu  fbr  this  pnirposa»  the 
raeoter  la  aqulppad  with  oontrol  reds  whose  woxiting  portitm 
aontainlng  Isotopea  is  subasrged  la  the  aotivs  sons  idbsre  it 
absorbs  Vernal  neutrons  (e.g.»  oadalva,  beroa).  Vpsn  stibnsr- 
Sion  of  the  oontrol  rods  into  the  aotlvo  sons  of  on  opotatiBg 
reactor,  the  breeding  ostffiolsnt  fallo  off  sad  sen  h#  nado  to 
equal  one  or  loss  dno  to  additional  absorption  of  thamnl 
neutrons  by  those  rods.  As  a  rtsult,  remoter  psnar  bassnes 
eonataat  (K  •  1 )  or  dropa  off  {t  ^  t )• 

Vhan  it  raaohei  the  ro%ulrad  xevtl,  tho  osntrol  roda 
art  eaoa  again  rotumed  to  a  position  aorrsspondlng  to  It  e  1 . 
and  tha  roaotor  oontlnues  to  oporata  at  rsduood  powar.  Ia« 
eraaaaa  In  reactor  power  are  realised  aaalogoualy  ••  thfnogh 
the  reaoval  ot  the  control  rods  froa  the  active  sone* 

Zn  addition  to  tha  oontrol  redS|  saoh  remoter  is 
tqulppod  with  rods  which  opaponaatt  ttia  reaotor  *polsoming^ 
affaot.  Thia  oonalata  In  tha  aoouaulation  of  flaalon  frag* 
aanta  which  absorb  neutrons  la  the  heat  relaaae  alenaaii 
(HRS).  Thaaa  roda  quenoh  txoessive  rsmctor  raaotlvltyt  nhtch 
la  unneotasary  in  tha  initial  ataga  sf  operation  and  la  gradu« 
ally  reintroduoed  as  reaotor  poiasnlng  progrestaa.  Vlth  raa- 
paot  to  dealga  and  neana  of  oeatrel,  shim  (ceapanaating)  roda 
need  not  differ  froa  the  oontrol  rods.  For  thia  reaaon,  ahim 
roda  and  control  rods  are  referred  to  hy  the  general  tarn 
"oontrol  rods",  [nets:  the  quantity  K-1  it  the  exoesc  neutron 
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breading  coefficient,  while  the  ratio  (K-1 )/K  is  the  reactor 
reaetlwlty.] 

Oanerallj  speaking,  the  control  rods  can  be  broken 
down  Into  three  groups  in  aoeordance  with  their  functions t 
easrgency  shut-down  rods,  shia  srods  and  control  rods  as  such. 

rae  control  rod,  as  was  indicated  above,  is  intended 
to  maintain  the  specified  power  level  constant.  The  rod  is 
usually  shifted  automatically,  but  manual  control  can  also 
be  provided  for. 

Shim  rods  are  used  to  compensate  for  "poisoning “of 
the  reactor,  for  sharper  and  more  significant  variation  of 
activity  (than  that  of  which  the  control  rods  are  capable), 
emergency  shutdown  rods  are  intended  for  normal  or 
emergency  reactor  shutdown  and  must  move  very  quickly  in  the 
active  cone,  ^heee  rode  are  actuated  automatically  in  the 
event  of  an  emergency  by  meane  of  various  emergency  signals. 
All  of  these  types  of  rods  are  designated  by  the  abbreviation 
CPR  (control  and  protection  rode). 

However,  there  is  a  factor  which  facilitates  the 
realization  of  a  controlled  chain  reaction  in  uranium.  As  we 
already  know,  all  neutrons  ars  emittsd  simultaneously  with 
the  splitting  of  the  uranium  nucleus t  about  of  the  neutrons 
ere  emitted  by  fission  fragments  with  a  considerable  delay, 
irtiioh  it  sometlmee  as  high  as  50  see,  these  delayed  neutrons 
greatly  retard  the  development  of  the  chain  reaction  process 
for  values  of  the  breeding  coefficient  X  close  to  unity. 

Let  us  sssums  that  we  have  brought  K  to  unity.  This 
implies  ^bat  the  lose  of  neutrons  is  totally  oompensatsd 
by  the  neutrons  newly  formed  in  fission.  In  this  case  the 
cahin  process  takes  plaoe  due  to  the  delayed  neutrons,  since 
without  then  the  value  of  K  is  about  0.99*  If  we  now  increase 
1  to  t ,01 ,  this  will  not  occur  imnedistely.  Lue  to  the  prompt 
neutrons,  the  value  of  K  will  rapidly  rise  to  unity.  The 
delayed  neutrons  will  be  able  to  increase  the  value  of  the 
breeding  coefficient  no  sooner  then  50  eeo,  sc  that  thsre 
will  be  a  gradual  development  of  the  chain  prooees.  An 
analogous  situation  exiete  when  K  is  reduced  to  values  below 
unity. 

Thus,  varying  K  in  the  neighborhood  of  1  ,  we  oan 
effect  the  gradual  aooeleration  or  retardatiou  pt  the  fission 
prooeee,  and  consequently  regulate  energy  release  in  the 
reactor* 


hMskia 

Huolear  reactors  are  olaeeed  somewhat  arbitrarily 
according  to  the  following  criteria: 

1  )  the  neutron  energy  —  the  fission  prooees  oan 
be  brought  about  by  thermal,  fast,  and  medium-energy  neutrons t 
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zone  •“«  !;;0-calle<5  hoaogGneoua 


2)  desltf.n  of  active 
and  heterogeneous  reactors; 

A  reactor  In  whicn  the  fuel  and  aioderatcr  constitute 
a  single  mixture  In  the  form  of  a  solution,  alloy,  chemical 
compound,  cr  suspension  la  called  a  homogeneous  reactor. 

If  the  fuel  is  Giotrlbuted  in  the  form  of  spatially 
separated  blocks  surrounded  by  the  moderator,  then  such  a 
reactor  Is  called  heterogeneous; 

the  type  of  flsalon&ble  material  employed.  Re¬ 
actors  may  use  either  natural  uranlim  or  uranium  enrlchod 
with  the  L' -2 35  isotope; 

4)  the  nature  of  the  moderator  —  graphite,  heavy 
water,  ordinary  water,  etc; 

5)  the  type  of  heat  transfer  agent  --  water,  gas, 
organic,  or  liould-motal  cooling; 

6;  purpose  research,  experimental ,  test,  or 
power-pro duct ion  reactors , 

itoactor  Materials 


In  designing  reactors  within  a  given  complex,  in 
addition  tc  the  ordlriary  reo^ulrements  with  respect  to  the 
materials  used  —  anticorroslvenesa ,  high  strength,  pias*» 
ticity  and  good  heat  Cvonductlor. ,  special  attention  must 
be  paid  to  nuclear  properties,  depending  on  the  actual 
purpose  and  design. 

It  la  necessary  to  ulstlngulah  the  following  basic 
grouna  of  materials; 

)  ]  fissionable  m«ite rials; 

2)  retarding  mtsrlals  —  moderators; 

3)  coolants  or  heat  transfer  agents; 

4}  straccural  materials  for  pipes,  coverings,  and 
other  elements  in  the  acti^*e  zona; 

5)  radiation  shielding  niraterlala; 

6)  neutron  ahi'orbers  {for  corttrole}; 

Basic  information  on  the  most  Import-  *1  materials 
employed  in  rsedern  nuclear  technology  will  be  found  in 
Table  A, 

Table  4 

Some  ^  l?ipp7- r.ar.t  /  aterials  Used  in  ruclear  Technology' 


'ajojcor  fuel 

?]rani.ur'-235t  uran3.’.i?r;-253,  plutonl«m-2.39 

hevit  tran's'fer 
agents 

(Air,  helium,  heavy  cr  ordliiary  water, 

1  lead  and  bismuth,  Kodlu.m 

Vodei'8.  tor’s 

[Heavy  or  ordinary  water,  graphite, 

I  berylliuia  '  . 

Structural  j 

inaterlals 

jSt'eel,  alumlhu'j!,  ziTconrum 

Shielding  mBteriale 

[Water,  concrete,  steel,  lead,  boron 

Among  the  fissionable  materials  used  at  the  present 
time  are  lT-235,  plutonlum-239,  and  certain  other  materials. 

Moderators  are  usually  materials  of  low  atomic  weight. 
One  of  the  most  important  properties  of  moderators,  of  decis¬ 
ive  importance  in  their  selection  is  the  ability  to  retard  and 
absorb  neutrons.  It  is  desirable  to  have  a  moderator  which 
absorbs  fission  neutrons  minimally,  but  effectively  lowers 
their  energy  down  to  a  thermal  level.  ?or  this  purpose,  for 
example,  it  is  possible  to  use  ordinary  or  heavy  water. 

Ordinary  water  absorbs  neutrons  somewhat  more  intensively 
that  heavy  water  and  can  be  used  as  a  moderator  but  only 
in  reactors  with  an  enriched  fuel. 

Heat  transfer  agents  are  materials,  having  a  high 
heat-transfer  coefficient,  low  fission  neutron  absorptivity, 
low  chemical  aggreaslvenees ,  stability  of  physical  properties 
upon  heating  and  ionizing  irradiation,  absence  of  toxicity 
and  flammability. 

Practically  no  real  substance  fully  satisfies  all  of 
these  requirements.  For  this  reason,  a  heat  transfer  agent 
is  chosen  with  proper  regard  for  concrete  reactor  operating 
conditions. 

In  low-power  reactors,  where  the  released  heat  is 
actually  not  used,  air  is  a  wldely-emp’.oyed  coolant. 

Natural  and  heavy  water  are  widely  used  as  heat- 
transfer  agents.  At  the  same  time,  they  play  the  role  of 
moderators  In  high-power  reactors  (ship  power  plants),  due  to 
their  high  heat  transfer  coefficients  (100  times  greater  than 
of  gases). 

Other  heat  transfer  agents  are  liquid  metals  —  lead, 
bismuth,  sodium,  and  their  alloys  and  oxides.  As  a  rule,  these 
are  employed  where  very  hglh  temperatures  and  heat  transfer 
coefficients  are  needed. 

Amonc  the  most  important  structural  materials  are  lead, 
beryllium,  aluminum,  stainless  steel,  zirconium,  and  a  number 
of  others.  Such  a  choice  is  explained  by  tbelr  sufficiently 
high  ohemlcal  stability  and  physical  strength  under  high 
temperatures.  The  most  important  among  them  are  certainly 
aluminum,  zlrconivim,  and  stainless  steel.  Aluminum  is  employed 
in  reactors  with  lew  heating  temperatures;  zirconium  and 
stainless  steel  are  used  widely  in  high- temperature  reactors. 

The  Nuclear  Power  Plant 

In  nuclear  power  plants  the  source  of  energy  is  the 
nuclear  reactor  1  ,  The  energy  it  releases  due  to  the  fiesion 
process  is  converted  into  heat,  which  is  then  transformed 
into  mechanical  work  or  electricity  (Pig  10), 

The  loop  along  which  the  heat  transfer  agent  cir¬ 
culates  is  called  the  ''primary  technological  loop".  The 
heat  transfer  agent  gives  up  its  heat  to  a  special  working 
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fluid  In  heat  exchanger  3;  this  fluid  elroulates  In  the 
so-salled  secondary  technological  loop* 

The  seconds^  loop  operates  a  steam  turbine  or 
some  other  device  (4}.  Both  the  first  and  second  loops 
contain  special  circulation  pimps  2  and  6  vhloh  continuously 
dlrve  the  fluid  or  steam  over  the  closed  loop. 

Fart  of  the  heat  transfer  agent  passes  Into  the 
special  heat  exchanger  5  where  It  Is  cooled  by  sea  water 
and  enters  the  system  which  cools  the  bearings  of  the  cir¬ 
culating  pumps,  special  filters,  etc.  The  heat  exchanger 
between  the  first  and  second  loops  Is  called  the  steam 
generator  (3)'  as  distinct  from  the  heat  exchangers  performing 
the  cooling  functions. 

The  following  basic  types  of  nuclear  power  plants 
(NFP)  are  used  to  power  nuclear  vessels. 

Water-cooled  steam  turbine  plant.  Such  a  plant 
requlres^lgh  water  pnasure^  wnlcn  in  turn  makes  It  neces¬ 
sary  that  extra-hlgh-atrength  materials  be  used.  Installa¬ 
tions  of  this  type  usually  require  enriched  nuclear  fuel. 

Helium-cooled  gas] turbine  riant.  Its  advantage  con¬ 
sists  in  the  fact  that  nellum  is  non-reactlve .  and  this 
makes  it  possible  to  reduce  the  total  weight  of  shielding. 
High  pressures  In  the  heat  exchange  system  are  not  a  neces- 
elty.  Its  disadvantage  Is  the  low  heat  capacity  of  helium, 
which  requires  an  increase  In  the  size  of  the  active  zone 
and  compressor  power. 


Figure  10.  Diagram  of  nuclear  power  plant.  A  =  Loop  I; 
B  =:  Loop  II;  C  =  Steam;  D  =  Water. 


The  metallic  heat  tranfer  agent  possesses  very  high 


heat 
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capacity,  and  does  not  require  relatively  hlRh  temperatures 
and  pressures.  Its  disadvantage  Is  the  high  radioactivity  of 
the  primary  loop  (when  sodium-potassium  alloys  ere  used). 

Plant  with  organic  heat,  tran8.fer  a£^t.  This  is 
conceivable  in  principle.  There  is  insufrlclent  information 
on  this  type  of  I^TP  available  at  the  present  time. 

Plant  of  the  so-called  "'boiling  pactor*'  type.  In 
such  plante  tKe  nuclear  Jiiei  is  used  analogously  to  reactors 
with  water  under  pressure,  with  the  sole  dlffererce  that  the 
steam  turbine  receives  steam  formed  directly  In  the  active 
zone.  This  maVes  it  possible  to  construct  a  very  economical 
power  reactor,  which  however  requires  the  Inclusion  of  the 
entire  secondary  loop  In  the  zone  cf  possible  radioactive 
contamination. 

At  the  present  time,  nuclear  vessels  are  making 
wide  use  of  water-cooled  reactors.  These  have  already  been 
Installed  on  nuclear  eubmarlnes  built  by  the  US  and  Britain 
and  the  atomic  Icebreaker  ’’Lenin";  the  Installation  of 
reactors  of  this  type  la  planned  for  planned  ships  of  the 
US,  Britain,  Japan,  Sweden,  and  other  countries. 

In  connection  with  the  fact  that  only  reactors  with 
water  as  the  heat  transfer  agent  are  used  in  world  ship 
design  at  present,  this  work  will  examine  the  problems  of 
radiation  safety  only  with  reference  to  reactors  of  this 
type.  However,  It  should  be  noted  that  there  Is  great 
promise  in  the  use  In  KPP  of  llquld-metal  and  organic 
heat  transfer  agents,  which  will  make  possible  a  considerable 
reduction  In  the  dimensions  and  weight  of  power  installations. 


6.  Ionizing  Radiation  from  Nuclear. Beaetprs 

The  sources  of  Ionizing  radiation  In  NPP  are  dis¬ 
tinguished  according  to  the  type  of  reactor  and  the  types 
of  nuclear  fuel  employed,  the  heat  transfer  agent,  and  the 
moderator. 

The  peculiarity  of  the  danger  of  Ionizing  radiation 
Is  related  to  the  fact  that  humane  lack  sense  organs  which 
aould  react  to  this  type  of  radiation,  so  that  the  least 
amount  of  carelessness  can  lead  to  Irreparable  damage  to 
the  organism.  Radioactivity  formed  In  reactors  Is  Indeed 
enormous.  wViil*  the  amount,  reoulred  to  Inflict  damage  to 
health  la  very  small.  It  Is  quite  natural  that  measures 
to  prevent  the  spread  of  contamlriBtlon  '  and  radioactive 
materials  must  be  observed  very  strictly. 

As  la  known,  nuclear  fission  In  uranium  blocks  is 
accompanied  by  the  formation  of  radioactive  fragments  end 
Intensive  gamma  and  neutron  radiation.  The  fission  fragments 
then  decay',  emitting  beta  particles  and  gamma  quanta;  they 
are  therefore  a  great  source  of  radioactive  danger,  ?or  this 
reason,  uranium  blocks  are  enclosed  In  hermetic  containers 
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which  prevent  the  escape  of  fragments  and  their  spread 
heyond  the  active  reactor  zone*  It  should  be  remembered 
that  ir.  the  event  of  some  violation  of  the  wholeness  of 
uranium  block  sholla,  the  fission  fragments  (both  solid  and 
gaseous)  will  certainly  enter  the  heat  transfer  agent.  This 
will  produce  intensive  contamination  of  the  plumbing  of  the 
main  circulation  pumps  and  other  primary-loop  elements. 

There  arises  the  danger  of  seepage  from  various  joints • 
gaskets,  packing,  etc.,  which  may  lead  to  a  contamination 
of  enclosures  and  equipment. 

All  of  this  requires  stringent  control  over  the 
state  of  the  radiation  plant  on  the  ship, 

Neutron  ana  Gaaaa  Radiation  in  the  Active  Zone 

Among  all  of  the  elements  of  an  KPF,  the  active  zcne 
is  the  most  powerful  aouce  of  Ionizing  radiation* 

Reactor  radiation  consists  of  gamma  quanta  and' 
neutrons.  This  includes  prompt  and  delayed  neutrons,  spon¬ 
taneous  fission  gamma,  rays,  gamma  rays  from  fission  fragments, 
capture  gamma  rays  of  the  nuclear  fuel  or  heat  transfer  agent 
with  the  moderator,  and  a  number  of  other  forms  of  radiation 
which  are  of  nc  great  significance. 


Figure  t1 ,  Snergy  spectrum  of  fission  neutrons.  A  s  Neutron/ 
mev  per  fission  neutron;  B  s,  mev* 

Neutron  radiation.  Prompt  neutrons  are  neutrons 
emitted  at'  tne  raoienF'or  nuclear  fission  lasting  10*12  sec 
and  making  up  over  99%  of  the  total  number  of  emitted  neu¬ 
trons.  Belayed  neutrons  make  up  a  negligible  portion  (e.g., 
0t7%  for  uranium)  of  the  tota?.  number  of  fission  neutrons. 
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There  are  five  distinct  groiips  of  delayed  neutroRS, 
claused  s.ccordiri>  to  the  rate  of  decrease  of  their  intensity 
(so,:.  Table  3). 

Froai  tne  standpoint  cf  shielding,  in  view  of  their 
siijall  proportion  In  the  overall  stream,  the*  delayodi  neutrons 
can  be  neglacted  In  comparison,  with  the  prompt  ones.  However, 
in  the  case  of  damage  to  the  active  2cne  structure,  it  Is 
possible  for  the  fission  products  to  enter  the  heat  transfer 
.t.gent  in  the  primary  loop,  ac  a  result  of  which  the  latter 
becomea  a  source  cf  delayed  neutrons.  Neutrons  emitted  direct¬ 
ly  during  fission  (prompt  neutrons)  have  a  significantly 
greater  ensrff.y  and  Intensity,  and  for  this  reason  have  the 
preateat  effect  on  the  structure  cf  shielding  from  neixtron 
radiation.  The  average  ener/ry  of  such  neutrons  la  extremely 
nigh  --  about.  T  mev  (Fig  (?)» 

As  an  example  which  clearly  shews  the  great  danger 
cf  neutron  streams  in  the  event  of  insufficient  shielding, 
let  us  consider  a  reactor  with  a  thermal  power  of  80C  thou¬ 
sand  kwt,  itlt'n  such  a  power,  the  total  size  cf  the  neutron 
stream  is  about  6*1  O' ^  neutrons.  This  is  e.aslly  seen  if  we 
take  into  account  tha  fact  that  7,c'»10'C  neutrons  are  emitted 
In  the  prcductior.  cf  •  wt  of  energy  per  second.  However, 
seif-'T;.b3orption  of  radiation  within  the  reactor  is  great 
[see  note]  as  a  result  of  which  only  about  \  •'di  of  the 
neutrons  will  reach  the  shleidirg  material,  i,e,,  about  ^ 

6. 10' 7  neutrons,  With  an  active  zone  surface  of  about  6 
we  obtain  a  value  of  about  10'5  neutrcns/cm^sec  for  the 
neutron  flow  through  the  surface. 

From  a  comparison  of  this  value  with  the  maximum 
permissible  rate,  havina  the  following  values  for  a  dally 
t-'nour  irradiation  period:  for  fast  neutrons  17  neutrons/cm'^sec , 
and  for  thermal  neutrons  1 30C  neutrons/crn^sec ,  vre  see  the 
necessity  for  special  protection  for  the  operating  personnel. 

The.  gamma  radiation  from  a  nuclear  reactor  is 
classed  as  prompt  gamma  radiation,  gamma  rcdletlon  from  the 
radioactive  fission  fragments,  and  gamina  radiation  from  the 
induced  activity  in  the  roderator,  heat  transfer  agent, 
reflector,  and  structural  materials  in  the  active  zone, 

Below  w::  present  some  data  on  the  energy  spectrum  of 
prompt  gamiTia  eniisslor;  in  uranium  fission: 

Energy  0,25-  0.75-- 1 .25-  )  .75-  2,25-  3,25-  4.25-  5,75- 

Interval,  0,76  1,25  1,75  2,25  3, *>5  4,25  5,75  6,75 

mev 

Number  of  3,l  1.9  0.54  0,55  0,2  0,062  0,02  0.007 

gamma  quan*'a 
per  fission 
event 

Total  of  7.0  quanta/event,  11  mev/event 
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The  relative  proportion  of  high-energy  gamma  radiation 
(so-called  hard  radiation,  over  1-2  mev)  la  quite  negligible. 

In  Table  5  we  list  some  of  the  Isotopes  having  hard 
gamma  radiation. 

The  basic  group  of  gamma  quanta  la  the  group  vlth 
an  energy  of  0.75  mev,  although  we  know  that  some  gamma 
quanta  are  released  with  an  energy  of  up  to  7  mev. 

It  is  neoeseary  to  deal  briefly  with  so-called  cap¬ 
ture  emission.  It  Is  formed  at  the  moment  of  absorption  of 
thermal  neutrons  by  nuclei  of  the  material  In  the  active  zone. 
This  process  in  turn  can  lead  to  the  appearance  of  radioactive 
nuclei  and  the  subsequent  emission  of  quanta  through  their 
ddc&y  a 

Some  data  on  gamma  quanta  emitted  by  means  of  capture 
radiation  are  presented  In  Table  6. 

Table  5 

Uranium  Fission  Fragments  Emitting  Hard  Gamma  Radlallpn 


riepMOA 

(g^KUiypactMAa 

dsaprsa  raMua* 
^^aaRToa,  Afaa 

Mrcm  raMMa*xaaH- 
p^Ha  10*  pacnagOB 

Rh*** 

30  cmtftmc 

2,9 

1 

PriM 

17.5 

2,18;  2.8 

11;  11 

Eu»** 

15,4  «BS«<iH» 

2,0 

1 

Li>«* 

40  esc.  • 

2.5 

20 

jm 

2.4  eacs'iiMf 

2.0 

12 

TeW* 

25  MHH.  •IM.iA 

2.21 

10 

JM* 

6,7  eaca*k*..i 

>  2,4;  1.8 

11;  22 

Rb«* 

17,8 

2.8;  1.86 

48:  56 

A  =  Isotope;  E  =  Half-life;  Gamma  quantum  energy,  mev  =  C; 

D  =  Number  of  gamma  quanta  per  10^  decay  events. 

Along  with  the  aformentloned  forms  of  radiation, 
there  are  also  sources  of  emission  whose  sources  are  located 
outside  the  active  zone. 

'lie  are  referring  to  gamma  radiation  accompanying 
either  the  capture  of  thermal  neutrons  or  the  diffusion  of 
fast  neutrons  in  materials  outside  the  reactor  zone.  In  the 
first  instance  the  basic  contributing  factor  is  gamma  radia¬ 
tion  accompanying  the  capture  of  neutrons  In  stx*uotural 
materials  of  the  reactor  body.  The  Intensity  of  these  eources 
depends  on  reactor  powar  and  the  distribution  of  the  thermal 
neutron  stream.  In  the  second  Instance  gamma  radiation  is 
produced  by  Induced  activity  in  the  reactor  body  and  shielding. 
It  Is  considerably  less  dangerous  than  direct  radiation  from 
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the  aotltre  zone.  However,  this  fora  of  rstdlatlon  shcald  be 
t&fcsia  Into  account,  partlcuiarly  folleving  the  shutdown  of  a 
nuclfjar  power  plant. 


Table  6 

JAie  to  Capture  by  Soae,  Materials  UsedTn 
Mm  tor  Pons  truct  Ion 


(IdjyMCMUfi 


•rintMm  3*'P*‘“*  • 
VKMMTM  -.jJa*. 

M  eupia  sa*  j  •  ^ 

lui  ‘ 


ZMamuB  M 


0<biy%Miail 

lumpHaa 


AaiOMHUHft^ 
5epHa;iHA  iQ 
Bmcmyt  iij 
Bop  ® 
KaAMMfi 
KaaauKA 
V'raepox  Cjp 


Haaeas 
Aaor 


1.5 

1.3 
1.0 
l.O 

2.3 

2.1 

1.3 

1.6 
1.1 
1.2 
l.T 


4.9 

5.4 

4.2 
0.5 

2.2 

4.5 

3.5 
5.2 

4.6 
7.0 
6.1 


KoBaaar  <S^ 

XCJM^ 
BOAOPOM 

Caaaca  " 

MHrtf!iA( 
MapranM^j 
KaanACS.. 
KpeuHHA^ 
HatpKA]^ 
BeroH  (3 


Mhciio 
^•KaaHToa 
aa  OiAMM  sa* 

MaacHHHt 


0.9 

0.9 

iJ 

1.0 

1.0 

2,1 

0.8 

1.2 

3.9 

2,4 

1.0 


dNepraa 

y-uaa< 

Yoa. 

A 


5.3 

6.2 

6.4 

2.2 

7.3 

3.9 
5.7 

4.4 

3.9 
2.3 
6.0 


A  a  Irradiated  ciaterlal;  B  a  Number  of  gaBiiaa  quanta  per 
captured  neutron;  0  ss‘  Garenta  quantum  energy ,  mev;  D  =  Aiuainiim 
£  =  Beryll.luia;  F  =  Plsmuth;  G  »  Boren;  k"~  Cadmium;  I  s 
Caiclua;  j  1=  Carbon;  K  =  ChromiuD;  I  =  Molybdenum;  H  r 
Nickel;  i:  =:  Nitrogen;  0  =  Cobalt;  P  =  Copter;  Q  =  Iron; 

H  =  Hydrogen;  S  =  Lead;  T  =  Magnesium;  U  «  Mfii-.ganese;  V  ss 
Pot^-.ssiuit;  b  =;  Silicon;  X  =  Sodium;  Y  =  Concrete, 

Uaueliy  gaTama  radlat'uri  of  this  type  Is  tbs  result 
of  the  ectlvRtlcn  of  atalnleps  steel  widely  uced  in  reactor 
oonatruotion.  Some  data  cn  activation  are  giver.  In  Table  7, 

In  or^nr  to  obtain  a  clear  picture  of  the  Intensltv 
of  gamma  radiation  of  a  nuclear  reactor,  let  ue  turn  to  the 
above  exatipls  of  the  operaticn  of  a  reactor  with  a  thermal 
powar  of  about  fio  thousand  [sic;  example  on  p  33  (p  of 
source)  reads  8C’0  thousand!  Jewt,  Over  a  period  of  several 
fficntha  of  operation  at  full  power,  it  produces  aeveral 
million  ouri.ee  of  gamma  activity.  However,  the  percentage 
of  the  total  gamma  ray  stream  reaching  the  shielding  will 
depend  c.'i.  the  physical  dimensions  and  structure  of  the  reac- 
to.r.  The  order  of  magnitude  of  the  gramma  ray  stream  at  the 
edge  of  the  active  zone  Is  about  10*5  quanta/ cfpSsec  (taking 


Into  Account  B«lf -absorption  in  the  active  zone).  Its ooa- 
parlson  with  the  naxlfficm  pennlsBlble  stream  for  an  8-hour 
Irradiation  period,  equal  to  0,7 *10'  quanta/om^gec  with  a 
mean  quantum  energy  of  1  .=>  mev  (which  corresponds  to  0.017 
roentgen),  gives  a  clear  Indication  of  the  necessity  of 
using  particularly  powerful  protection  against  gamma  radiation 
with  compulsory  control  of  the  dosage  beyond  shielding  limits. 


Induced  Activity  of  Basle  ConnonentB  of  Stainless  3tee 
l^pon  Irradiation  )fith  Thermal  Neutron 


Steel 


A  =.  Hsactlon;  B  =  Half-life;  C  =  Activity  upon  eaturatlon, 
in  number  of  C^-cay  events/cm^sec;  E  -  -actl^;lty  upcr. 
saturation,  quanta/cm^sBo ;  Es;  Quantum  energy,  mev. 

Prom  the  above  considerations  we  see  that  in  the 
operation  of  thf  nuclear  reactor,  thi=!  most  Important  role 
is  played  by  the  prompt  neutrons  of  nuclear  fuel  combustion 
as  well  as  the  gamma  radiation,  both  accompanying  fission 
and  arising  as  a  result  of  thermal  neutron  capture. 

The  basic  scurcas  of  radiation  following  reactor 
shutdown  are  gamma  radiation  of  fission  products,  and  gamma 
radiation  due  to  activity  Induced  In  matarlalB,  For  purposes 
cf  clarity,  we  have  compiled  summary  Table  8  containing  data 
on  radiation  from  a  hypothetical  nueiaar  reactor  during 
operation  or  shutdown  periods,  when  a  given  type  of  radia¬ 
tion  precloralnateo.  The  Table  does  not  require  additional 
explanation. 
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i  Lecrend  on  follow!?!?;'  psitre  ] 


Table  8t  Lai^end. , 

A  =  Type  of  radiation;  B  r.  Source  of  radiation;  C  =  Energy, 
mev;  D  =  Source  Intcnalty;  E  =  Remarks;  F  =  Neutrons;  G  = 
t  -quanta;  H  =  Ditto;  I  =  Neutrons /oB3oec ;  J  »  Quanta/ca58ec; 

K  =  PiBslon;  L  =  Ihotoneutrons ;  M  =  Prompt  Y-enlsalon  with 
fission;  N  =  Delayed  j'-eroisalon  of  fission  fragoents;  0  = 

(  -emission  in  neutron  capture  by  zirconium;  P  =  -  emission 

from  Inelastic  neutron  scattering  in  zirconium;  Q  =  J -  emis¬ 
sion  from  neutron  capture  by  uranium,  xenon,  cadmium,  and  sil¬ 
ver  nuclei;  R  =  ^ -emission  from  neutron  capture  by  vater 

hydrogen  nuclei;  S  =  Basic  source  of  neutrons  in  reactor 
operaticn;  T  =  Basle  source  of  neutrcne  several  minutes 
following  reactor  ehutdown;  tj  =  Basic  source  of  -quanta 
emitted  from  active  zone  during  reactor  opmratlon;  V  =  Basic 
source  In  active  zone  of  banked  reactor. 

Ionizing;  Radiation  Frcm  Technolopiioal  Loops  in  a  NP? 

It  was  pointed  out  above  that  it  is  possible  to  use 
water,  certain  low-meiting  metala  and  their  alloys,  gasec, 
and  a  number  of  organic  compounds  in  NPP  as  heat  transfer 
agents.  Under  certain  conditions  all  of  these  KPP  heat 
transfer  agents  do  or  are  able  to  become  radioactive.  The 
causes  of  their  induced  radioactivity  can  be  the  following; 

absorption  of  flsalcn  neutrons  by  the  agent  itself; 

activation  of  substances  arlsiug  in  corrosion  of 
structural  materials  used  in  the  loops  and  which  enter  the 
heat  transfei’  agent; 

entry  into  the  agent  of  fission  fragments  as  a  result 
of  the  disruption  of  the  hermetic  seal  of  the  heating  element 
shells. 

Activity  in  loop  oontalning  water  under  pressure. 

The  heat '“transfer  "agent  must  lin  tKe  ’^'Irst  place  posaese  the 
properties  which  assure  the  removal  of  heat  from  the  active 
zene,  Water  in  particular  happens  to  have  satisfactory  heat- 
transfer  properties  and  a  relatively  low  activation  crosa- 
section. 

In  designing  It  is  taken  into  account  that  the  heat 
transfer  agent  must  be  under  a  pressure  such  as  would  prevent 
any  excess  over  the  temperature  corresponding  to  the  boiling 
of  water  at  the  given  pressure.  In  the  contrary  case,  steam 
will  form  around  the  beatlnp  element  due  to  the  h  gh  temperature 
of  the  active  zone  surface;  this  can  lead  to  a  sharp  decrease 
in  heat  transfer,  overheating  of  the.  alemeut,  rtisruption  of 
tne  hermetic  seals  of  the  heating  element  snells,  and  even 
the  melting  of  the  nuclear  fuel. 

To  attain  the  necessary  temperatures  on  the  order 
of  300'^0,  it  is  necessary  to  provide  high  pressures  i many 
tens  of  atmospheres).  This  imposes  rigid  requirements  on 
loop  design. 


A  irfttar-ooolad  ship  raaotor  Is  aliout  1-2  a  in  dla- 
astart  vlth  a  vatar  praasura  avar  100  kg/os^  and  a  taaparatura 
of  about  300''C  (about  60  magavatta  in  povar). 

Under  tha  notion  of  neutron  straaas  there  is  an  aoti- 
ration  of  tha  vatar  and  tha  adnixturas  in  it  vhioh  are  present 
arsn  if  tha  water  is  subjaetad  to  double  distillation.  Tha 
vatar  baoonas  radioaotlva  ovan  in  tha  absanoa  of  adnixturas 
as  a  result  of  Cn.p)  raaotions  of  tha  ozygan  iaotopaa 

o'^(n,p)H^®  and  o'’^(n,p)»^'^. 

Tha  decay  of  iaotopa  which  occurs  with  a  snail 
half -Ufa  (7.33  sao)  ia  aooonpaniad  by  tha  aniaslen  of  az- 
tranaly  rigid  ganna  quanta  (7.5  and  6.1  nar).  Tha  half-life 

of  another  radloaotlwa  nitrogan  iaotopa  (K  ia  equal  to 
4,14  sac;  this  is  aoconpaniad  by  tha  aniaslen  of  beta  particles 
with  a  nazinun  energy  of  3.7  new  and  neutrons  with  an  energy 
of  1  new.  Uaapita  their  short  half-life,  these  snissiona 
greatly  eonplloata  tha  aarricing  of  tha  prinary  heat  transfer 
loop,  teas  Inportant  sources  of  radiation  are  the  reactions 


Tha  probability  of  such  reactions  is  snail,  and  they 
are  usually  disregarded  in  calculating  biological  shielding 
for  STP. 

Sons  infomation  on  tha  activation  of  various  heat 
transfer  agents  ia  given  in  Table  9. 


A  s  Heat  transfer  agent;  3  »  Rpaotion;  C  s  Kalf-lifa;  J>  « 
Radiation  energy,  nev;  £  s  Air;  F  »  Ordinary  and  heavy  water; 
0  «  Sodium;  H  «  Water  with  adnixturas. 


lloag  with  the  Induced  activity  of  the  heat  transfer 
agent,  the  qotlvated  adatlxtures  present  in  the  water  consti¬ 
tute  an  additional  source  of  radiation  whioh  can  he  neglected. 
Actually,  for  water  for  example,  the  ratio  of  its  own  induced 
activity  to  that  of  the  irradiated  admixtures  is  about  300. 

The  water  employed  for  reactor  cooling  contains 
about  admizturee  (by  weight),  which  is  the  prac¬ 

tical  limit  of  modern  purifioation  methods.  Only  a  bidis¬ 
tillate  can  satisfy  such  conditions.  For  the  sake  of  com¬ 
parison  we  ^ght  point  out  that  ordinary  drinking  water  contains 
up  to  1  *10*^  impurities,  while  water  in  ordinary  boiler  aye- 
tema  —  from  2.5*tO“3  to  2.5*10“2<, 

Radioactive  Isotopes  and  Water  Heat  Transfer  Aitant 


n 

■BSISH 

^SsSm 

|MM| 

Hcioskhk 

7.3 

4.1  cts><wt 

7.7 

1.8  escatAA 

1.9  <iacs*44 
2,6  ^acs  *4 
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A  =  Isotope;  B  s  Decay  time;  C  s  Specific  activity;  D  s  Source; 
E  s  ourie/llter;  P  «  nautrons/cn^oec ;  0  s  in;  H  m  Air  in  H2O; 

I  s  Steel;  J  s  Sodium  in  water. 

The  corrosion  produota  formed  as  a  result  of  ohemioal 
reactions  of  the  heat  transfer  agent  with  the  material  of  the 
technological  loops  are  activated  upon  their  irradiation  with 
a  powerful  stream  of  neutrons  during  the  passage  of  the  heat 
transfer  agent  over  the  active  zone.  For  sturotures  usually 
made  of  stainless  steel,  the  basic  portion  of  the  total 
activity  la  contributed  by  the  activity  of  aanganese-56  with 
a  short  half-life  (2,6  hours).  The  pronortlon  of  long-living 
isotopes,  such  as  oobalt-60  (5.2  years;  and  lroa-56  (46  days) 
is  not  large.  As  was  shown  by  a  prsliminary  estimate  carried 
out  for  the  atomic  icebreaker  ’'Lenin”,  the  activity  of  oor- 
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roBlon  product!  In  the  prlBary  he&t  tntnalor  agent  «•  the 
bidistillete  -«  i&akes  up  no  more  than  10*^  curie/llter: 

80:^  of  the  activity  la  due  to  the  decay  of  manganeae->36 
nuclei »  while  the  remaining  20^  is  due  to  the  decay  of 
iron-59 »  oobalt-60,  ohroaium«5l  »  and  nickel -65  auolel* 

In  thle  estimate  It  was  assumed  that  the  etruotural  materials 
are  corroded  hooogeneouely  and  evenly,  while  the  ohealoal 
elements  In  the  corrosion  products  are  In  the  same  ratio  as 
In  the  structural  material.  Some  data  on  the  isotope  oompo- 
sltlott  of  heat  transfer  agent  admixturee  are  given  in  Table 
10. 

The  basic  gae  activity  of  the  primary  heat  transfer 
agent  (water)  provided  the  heating  elements  are  hermetically 
aealed  will  he  due  to  the  argon  In  the  air  found  not  only 
in  the  water  Itself,  but  also  In  the  cooling  system  after 
it  Is  filled  with  water,  as  well  as  the  gases  of  fragment 
origin  —  due  to  the  surfaoo  oontaminatlon  of  the  heating 
elements  with  uranium. 

Radioactive  gases  oan  create  a  danger  with  gas 
seepage  both  from  the  primary  and  secondary  technological 
loops  of  a  KPP. 

The  activity  of  the  heat  transfer  agent  at  the 
reactor  oulet  aoeordlng  to  caloulatlons  carried  out  for  the 
NP?  of  the  *'Lenln"  is  C.i8  curie/llter  due  to  gamma  radia¬ 
tion,  eurle/llter  due  to  gae  aotlvlty,  and  about 

500  neutx'ons/eaSsee  due  to  neutron  streams. 

,  ttra gal; »  under  normal 

conditions  oxHPP  operation.  Insignificant  amounts  of  radio¬ 
active  gases  and  aerosols  are  still  formed  In  the  immediate 
neighborhood  of  the  reactor.  The  gas  and  aerosol  activity 
arise  both  as  a  result  of  heat  transfer  agent  evaporation 
in  the  presence  of  and  unoontrollable  minute  seepage  and  of 
air  activation. 

For  example,  the  design  of  the  graphite  reactor  at 
Oak  Ridge  (US)  features  30-oa  spaces  in  the  upper  portion 
between  the  graphite  neutron  reflector  and  the  concrete 
shielding  in  order  to  prevent  thermal  damage  to  the  ehlelding 
In  these  spaces  there  was  intensive  activation  of  argon  in 
the  air  with  the  appearance  of  gas  activity  of  about  0,5 
curie  of  argon-41  per  hour. 

An  analogous  picture  holds  true  with  the  reactor 
for  physical  and  thermal  experimentation  of  the  Academy  of 
Sciences  USSR,  in  which  about  A  curies  of  activity  appear  bat 
ween  the  hermetic  steel  shell  and  the  concrete  shielding 
each  hour. 

Radioactive  aerosols  are  formed  largely  due  to  the 
seepage  from  the  primary  teohnologioal  loop  of  both  the 
primary  heat  transfer  agent  itself  and  the  volatile  fiaslon 
fragments  (krypton,  xenon,  bromine,  eto,)  contained  in  it 
which  then  decay  with  the  formation  of  radioactive  aerosols. 


For  this  reaaon«  in  deeignlng  toohnolegioal  loop  oloaentt  — 
piping,  fittings,  and  nochaniaas  —  it  la  naoasaary  to  raduce 
all  Joints,  Including  waldad  onas,  to  a  ninimun.  At  the  sama 
tine,  a  avail  unavoidahla  leakage  vith  a  normal  NPP  operating 
regime  does  not  as  usual  oonatitute  a  serious  danger  (see 
Chapters  V  and  VII),  Other  forms  of  leakage  capable  of  arising 
as  a  result  of  the  disruption  of  the  hermetic  seal  of  the 
loops  or  steam  generators  are  best  classed  as  characteristics 
of  a  hatardous  operating  regime.  They  are  considered  in  the 
appropriate  eeotion. 

In  collusion  it 

is  necessary  to  consider  the  possibility  of  HP?  explosion. 

It  is  knovn  that  the  present  heterogeneous  reactors  run  on 
nuclear  fuel  which  la  also  used  in  modem  nuolear  weapons. 

However,  one  should  not  draw  parallels  between  a 
uranium  power  reactor  and  the  atomic  bomb.  In  order  for  the 
boaP  to  explode,  it  must  incorporate  a  large  excess  criticality 
(K  1  .?)> 

In  order  to  accelerate  the  chain  process  it  is  neces* 
eery  for  it  to  be  capable  of  developing  in  a  time  so  short 
that  the  fuel  (uranium)  molecules  have  no  time  to  come  apart, 
thus  reducing  the  critical  mass.  Thus,  an  enormous  amount 
of  energy  is  released  in  a  very  short  time  and  an  explosion 
occure. 

In  contrast  to  this,  the  eupercriticality  of  a  reactor 
is  small  (K  z.  1.075,  i.e.,  no  higher  than  the  amount  of  delayed 
neutrons  —  0.75t  of  the  total  etream).  In  addition,  ship 
reactors  have  a  epeoial  emergency  protection  system  which 
is  actuated  in  case  the  reactor  power  begins  to  Inorssss  too 
rapidly  as  a  result  of  certain  faults  in  the  regulation  and 
control  apparatus. 

But  even  if  the  reactor  should  go  out  of  control,  and 
an  uncontrolled  nuolear  reaction  does  begin,  as  a  result  of 
the  slow  rate  of  increase  of  the  energy  released  in  uranium 
fission,  the  fuel  moleoulee  will  have  time  to  dissociate 
(lowering  the  critical  caea)  and  the  energy  required  for  an 
exploaion  is  not  accumulated.  At  the  earns  time,  a  water* 
cooled  heterogeneous  reactor  experiencee  a  water  boilout 
which  shifts  the  neutron  balance,  end  the  chain  reaction  ia 
quenched. 

The  above  factors  reduce  the  poesibility  of  a  reactor 
explosion  practically  down  to  sero. 
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Chapter  III 

PRIKCIPLES  OP  SHIP  NUCLEAR  POWBR  PLANT  (NPP) 

SRISLBINa 


7.  Protectiott  Proa  NPP  Radiation 

The  prohleae  of  proteetion  agalaet  radiation  from 
a  nuclear' power  plant  are  eoaplex  and  varied  in  general,  and 
partlolularly  eo  under  ahlp  condittone*  On  the  one  hand,  it 
is  neeeeeary  to  afford  reliable  proteetion  to  the  personnel 
fros  Ionising  radiation,  and  on  the  other,  the  oonstruetion 
of  shielding  aust  leave  at  least  partial  aoeess  to  indi¬ 
vidual  HPP  coantmioations,  aeohanisas,  and  apparatus.  The 
basic  task  with  which  we  deal  in  calculating  shielding  for 
a  ship  KPP  is  the  assuranee  of  its  reliability  with  alnlaal 
else  and  weight. 

The  design  of  shielding  is  deterained  basically  by 
the  properties  and  nature  of  the  radiation  and  the  neeeeeary 
degree  of  its  weakening.  The  latter  oan  be  deterained  on  the 
basis  of  the  initial  intensity  and  the  aaxiaua  peraissible 
radiation  level  at  varlou  points  beyond  the  shielding 

The  following  factors  aust  be  taken  into  acoount  in 
selecting  and  calonlating  the  proper  shielding: 

1  )  the  energies  of  penetrating  radiation; 

2;  distribution  of  radiation  in  the  direetion  of 
ship  living  and  service  quarters; 

3}  geoaetry  of  NPP  radiation  sources. 

Proa  the  standpoint  of  protection  froa  gaaaa  rays, 
the  aost  effective  shielding  is  afforded  by  heavy  eleaents 
with  a  high  sGoaic  nuaber;  such  aaterials  are  not  very  effec¬ 
tive  in  weakening  fast  neutrons,  however.  In  view  of  the  fact 
that  the  neutron  capture  crose-seotion  inereases  rapidly  with 
their  reduotion  down  to  a  themal  energy  level,  iaproved 
neutron  shielding  requires  that  it  be  aade  of  light  eleaents 
fulfilling  the  role  of  ooucrators,  along  with  heavy  ones. 

The  shielding  oan  be  aade  up  of  successive  layers  of  heavy 
and  light  elements  or  in  the  fora  of  a  homogeneous  mixture  of 
these  eleaents. 

Neutron  capture  is  acoonpanied  by  naaa  radiation. 
This  coaplicates  the  problea  of  neutron  shielding,  sinoe  for 
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Isotopes  the  gamme  rsdlsclon  due  to  capture  is  characterized 
by  fairly  high  energy  ranging  approxlnately  from  7  to  1C  mev. 

The  requirements  Imposed  on  K?P  shield Inar  are  to  a 
oonsiderable  degree  determined  not  only  by  the  active  zone  of 
the  reactor  itself,  but  also  by  other  portions  of  the  primary 
teohnologleal  loop  —  the  pumps,  heat  exchangers,  pipes,  etc. 

There  are  tire  types  of  KPP  radiation  shielding  -• 
primary  and  secondary. 

Primary  shielding  not  only  weakens  the  neutron  stream 
to  a  point  at  which  gamma  radiation  accompanying  neutron 
capture  in  the  shielding  is  down  to  a  minimum  together  with 
the  activation  of  the  aeeondary  heat  transfer  agent  and 
structural  eltmenta  of  tha  IP?  beyond  the  primary  shielding, 
but  alto  affords  protection  from  thermal  affects  of  the 
active  zone  on  the  radiation  ahialdlng  structuraa. 

Shield Ing  lowers  ths  Intsnaity  of  psnstratlng 
radiation  down  to  maximum  pormissiblo  lovals  and  sarves  as 
a  barrier  to  tho  ponstration  of  radioaotiws  gaaos  and  aerosols 
into  ship  snelosuras. 

Let  us  consider  some  of  ths  problems  of  shielding 
calculation. 

In  caleulating  gamma-ray  ahislding,  we  make  use  of 
the  exponential  attanuation  law 

(2) 

where  1^  is  the  intensity  of  primary  radiation; 

u  is  ths  mttenuation  coeffloisnt  for  tbs  shielding 
'  material; 

X  is  the  thickness  of  ths  shielding  layer. 

However,  this  fomuls  takes  into  sooount-  only  the 
change  in  the  Intensity  of  ths  direct  (primary)  radiation 
in  a  narrow  beam.  It  is  asaumed  that  any  interaction  of  a 
gamma  quantum  with  tha  medium  removes  it  from  the  beam. 

In  the  attenuatien  of  broad  gamma-ray  beams  such  as  takes 
place  in  actual  NPP  shielding,  along  with  direct  gamma 
radiation  wa  observe  a  diapersad  gamma  component  which  will 
of  course  inoreaee  the  eize  of  the  radiation  dose  penetrating 
the  shielding  in  compariaon  with  that  of  the  doee  given  by 
formula  (2). 

To  take  into  account  diapersed  radiation  in  the 
calculation  of  thick  protective  layera,  the  coefficient  B, 
called  the  buildup  factor,  ia  introduced  into  formula  (2); 
then 

I  s  IpBe"^*.  (3) 

Obviously,  B  1  and  depends  on  ths  nsturs  snd 
thickness  of  the  shielding,  se  well  as  on  ths  initial  gamma 
energy.  As  gamma  energy  inersssss,  B  falls  off  for  most 
materisle;  it  inortasss  with  thloknesa  regsirdltaa  of  material. 
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Th«  nuaerloal  vailua  of  B  for  alaoot  oil  oubotoncoo  ozoopt  load 
aad  othor  heavy  oleaents  oaa  bo  doteralnod  appreximatoly  on 
the  baola  of  the  relatione 

B  s  1  ,2  u  z  for  £  s  2  mev 

B  a  0.8  'ax  "  £  a  3  " 

B  a  0.5  Jix  "  Bate  “ 

For  lead.  B  a  0.5 ax  la  the  enorgy  latoival  S  a  1  7  3 
oev.  ' 

Let  U8  estiaate  roughly  the  iatensity  of  ganna  radla-> 
tion  ealtted  by  the  active  reactor  cone  beyond  the  shielding. 
From  the  balance  or  energy  released  la  a  single  fission  event 
It  follove  that  the  total  energy  of  the  gamae  radiation  le 
about  5  aev  per  event.  The  total  energy  released  in  fission 
is  199  aev.  Thus,  the  energy  of  the  gasma  radiation  is  about 
5»6iC  of  the  total  energy  released  in  fission,  issuming  that 
about  90-95^  of  the  gaaBa*ray  energy  is  absorbed  in  the 
active  sone.  it  is  possible  to  make  an  estimate  of  the 
size  of  the  quantum  stream  released  from  the  aotive  zone 
with  an  average  gamma-quantum  energy  of  £  s  2  mev  according 
to  the  formula 

I  =  0,3*10^^Q, 

where  Q  la  the  thermal  reactor  power  in  kirt. 

If  the  active  zone  has  a  cylindrical  shape  with  an 
optimal  ratio  of  height  H  to  diameter  B  (H  «  0,92  D),  its 
surface  3  »  5.5V2/3  where  V  is  the  volume  of  the  active  zone. 

Consequently,  the  initial  gamma  stream  is 

Ig  s  1/3  a  5,A5.1o'^QV’^/^,  (4) 

Substituting  (4)  into  formula  (3).  it  is  possible 
to  estimate  the  shielding  thickness  required  to  lower  radiation 
intensity  down  to  the  maximum  permissible  level. 

For  thick  shielding  it  Is  likewise  necc^sssry  to  take 
Into  account  attenuation  due  to  distance  according  to  an 
inverse -square  law.  Thus,  for  an  active  zone  of  diameter  d 
surrounded  by  shielding  of  thickness  h.  tne  formula  which 
defines  the  attenuation  of  radiation  from  the  aotive  zone  is: 

I  •  I^Be">^*[d/(d4h)3^.  (5) 

Here  x  varies  from  zero  to  h,  and  is  the  gamma 

stream  at  the  boundary  of  the  aotive  zone. 

The  oaloulation  of  neutron  shielding  is  eomplioated 
by  the  fact  that  for  faat  neutrons  the  basio  form  of  intarao- 
tion  with  nuclei  is  elastio  and  inelastio  soattaring.  This 
leads  to  the  aooamulation  of  neutrons  in  the  shielding  whose 
number  raohea  a  maximum  for  a  certain  tbioknsaa  and  then 
falls  off  due  to  thsmsl  zientren  absorption. 


The  mean-equare  distance  at  vhleh  the  fast  neutrona 
are  slewed  down  can  be  deteralned  from  the  ratio  between  the 
mean  square  of  the  distance  at  which  the  neutrons  become 
thermal,  and  the  retardation  distance  L: 

6L^,  (6) 

o 

For  water  L“  a  33,  consequently,  the  mean-square 
distance  R  =  1 4  cm*  For  eraphlte  (L  s  300)  this  distance  is 
42  cm.  Prom  these  examples  we  see  that  water  shleldlnsr  from 
fast  neutrons  is  more  effective  than  p'raphlte  shielding. 

After  the  neutrons  become  thermal,  thej'  can  pass 
in  the  shielding  for  great  distances  by  diffusion  before 
being  absorbed,  so  that  the  value  of  R  from  formula  (6) 
dees  not  determine  the  thlclcneee  of  shielding  sufficient 
for  a  pre3teclfl'?d  neutron  attenuation. 

To  determine  the  average  distance  traveled  by  a  fast 
neutron  from  the  point  of  Its  origin  to  the  point  of  absorp¬ 
tion,  It  Is  necessary  to  add  the  mean  square  distance  over 
which  the  neutrons  diffuse  after  beiny,  slowed  down  to  a 
thermal  level  to  the  mean-square  distance  traveled  by  neutrons 
In  the  attenuation  process. 

The  numerical  values  of  the  attenuation  and  diffusion 
distances  for  some  rmterlals  will  be  found  in  Table  11, 

Table  11 

Numerical  Values  for  Attenuation  and  Dlffusien  Listances  for 

'~soag’' Materials" 


3aMeA.iMTf^k  ^ 

- , _ idL. 

riJIOTHOCTk, 

!.  tS) 

1  A'lHHa  aaMe;>- 
l^-yieHMf,  CM 

il.iHNa  As^ysHH, ! 
4^'  ; 

Tsxexat  soxa 

1 

ino 

Vrxepox  (rpa<^MT)fe? 

1.62 

!  18,7 

BepNXXHft  ^ 

I.M 

i  9,9 

23,6 

Boxa  ^ 

‘ 

i  ^-7 

2,88 

A  =  Moderator;  B  =  Density,  g/cm^;  C  =  Attenuation  distance, 
cm;  D  =  Diffuslcn  distance,  cm;  ?.  =  Heavy  water;  ?  s  Carbon 
(graphite);  G  =  Eerylllum;  H  =  '.fater  HgO, 

For  approximate  estlrtatos  of  neutron  reactor  shielding 
W6  can  take  the  exponential  law  for  faot-neutron  attenuation; 

n  =  (?) 

where  is  the  so-called  relaxation  distance  equal  to  the 

*  thickness  of  the  material  In  which  the  fast-neutron 
stream  Is  weakened  by  a  factor  of  e  (e  ':i:;2,T2), 
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the  valu««  ct  \  ^  for  lomt  ■hloldiag  mtorials  for 
fast-noutron  oaorgloo  of  6*8  nov  art  giraa  la  Tatla  12* 


tioa  Diataaoaa  for  foot 


ig=g  ml 


■ 

Q2ESil 

I^^SSESI 

V  ca^ 

I.T 

13 

1 

113 

14.4 

ll.l 

103 

03 

A  s  Shioldlag  ttaterlal{  B  s  ])aaalt3r»  g/em^t  0  ■  oa; 
D  K  araphltot  £  B  Conoroto;  F  s  Watort  0  b  Load; 


Ao  aa  oxaitplo  wo  shall  oaleulats  ths  thiokasss  of 
eoaersti  rsquired  to  lowor  ths  faot»asutroa  strsaa  froo 

10^^  fast  asutroas/oB^sse  to  ths  aarlsua  poralssihls  valus 

of  17  fast  asutroas/oa^sse* 

SolTlag  squatioa  (7)  vlth  rsspsot  x,  irs  bars 

X  B  Kpla(a^/a), 

Froa  Tabls  12  irs  fiad  that  for  ooaorots  Xp  b  11 ,1 ; 

thus, 

X  s  11,1  la(10^  250  ea 

Ths  problsB  of  shlsldlag  out  thsmal  aeutroas  Is 
looksd  upoa  diffsrsatlF,  slaos  ths  oharaotor  of  thsir 
soattsrlag  diffsrs  ooasldsrably  froa  that  of  fast  asutroas 
aad  gaaaa  rays, 

Ths  velua  of  ths  iaitlal  flow  of  thsraal  asutroas 
froa  a  flat  souros  at  a  dlstaaes  r  is  oaloulatsd  froa  ths 
fomula 

a  B  a^s"^^^,  (8) 

whsro  1  Is  ths  dlffusioa  dlstaaos  [sss  acts]  (1  b  2.88  oa 
for  watsr),  [Notst  Ths  dlffusioa  dlstaaos  is  ths  Isagth  ovsr 
whloh  ths  asutroa  dsaslty  Is  rsduosd  by  a  factor  of  s  (bs» 
ouaas  of  this  1  Is  also  soastlass  callsd  ths  rslaxation 
dlstaaos)]. 
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In  (Jeslgnin^  dhielding  it  is  llksKlss  necessary  to 
bear  in  mind  the  evaluation  of  the  heating  effect  resulting 
from  the  absorption  cf  radiation  in  the  SPP  structures,  includ¬ 
ing  the  reactor  body  shell*  Upon  absorption  of  gamma  quanta 
and  neutrons  their  energy  is  converted  into  heat,  so  that  the 
ehielalng  heats  up.  The  presence  of  heat  liberation  toakes 
desirable  the  use  of  a  material  with  high  heat  couductivlty 
as  shielding*  In  the  contrary  case,  thermal  erpanslon.  can 
lead  to  great  oechanlcal  streasea,  and  consequently  to  damage 
of  shlelalng  atruoturee.  Concrete,  a  widely  used  shielding 
BBiterial,  requires  special  cooling  techniques  because  of  Its 
lev  heat  conductivity}  othexirlse,  it  will  begin  ta  lose  its 
hydrogen  which  playe  a  basic  role  in  the  retardation  of  fast 
neutroni.  Its  temperature. must  be  kept  beloisr  SOO^C,  In 
connection  with  the  fact  that  shielding  caterlals  mostly  have 
coneliaz-able  thermal  exx'anslon  coefficients,  there  must  be 
speciel  theA'Cial  shielding  of  the  reactor  end  biological 
shielding  structures  irons  heat  produced  in  the  active  zone. 


Figure  12.  Shielding  of  atomic 
passeisger-cargo  veseei  "Savan¬ 
nah"  to  be  built  by  the  ITS, 

1  —  larite  conorete ;  2  — 
Steel;  5  —  '^^ater:  •'+  —  Xher- 
mal  sbieldlns;  (steei);  5  — 
Graphite  reflector;  A  =••  Active 
zone  * 


Figure  i;>.  Shielding  of  the 
SR-5  experimental  reactor 
(US)  with  a  thermal  power  of 
4C00  kwt,  t  -«  graphite  ref¬ 
lector;  2  —  lead  poured  Into 
interatices;  5  --  aluminum 
Jacket;  4  --  boral  carbide; 

5  —  steel  reactor  tank; 

6  —  lead,  blocks  with  cooling 
coils;  7  —  ccucrete;  A  s 
Active  zone. 


A  convenient  form  of  shielding  are  steel  platcE 
Inmiersec  in  water  for  cooling  or  a  thin  steel  sheet  in  the 
form  or  a  cylinder  cooled  by  water  in  special  cooling  colls. 


Plgura  14,  Oroaa-aeotional  vleir  of  central  oublolo  of  the 
atomic  Icebreaker  "Lenin”.  [See  legend  next  page]. 


To  levor  gosMi  rodlatloa  dut  to  oopturot  llthiua  or  boron 
oro  oddod  to  tho  w&tor  cooiont* 

Tbo  olapXoot  and  tooilf<*dooigaod  rodiotlon  ohioldias 
ii  o  largo  mtor  baain  in  vhleh  th#  roaetor  and  its  thorasl 
shlilding  art  iamorood* 

Votttrons  aro  aboerbod  by  vator  mors  quickly  than 
gaaaa  rays,  and  tho  roqulrod  thloknsssss  of  tho  water  layer 
are  determined  by  tbe  gaaaa  radiation  passing  through  the 
thennal  shielding. 


Figure  14«  legend* 

I  —  Reactor^  2  •-  Steam  genera tort  3  ••  Main  olroulatlon 
puBpt  4  —  Filter  rofrlMratort  5  Xasrgsnoy  olroulatlon 
puapt  6  ••  Znaor«loo?  oiroulation  puapt  7  ••  Outer-loop 
refrigerator!  8  —  Omter-loop  refrigerator  oonpartaentt 

9  —  Friaary-loop  pipes t  10  —  Iron-water  shielding  tank; 

II  —  Heat  eontrol  piOkup  oeapartment;  12  —  Ship  pump 
cooipartaent}  13  —  Cistern  for  radioaotive  water  froa  the 
priaary  loop;  14  —  Steel  shielding!  13  —  Filter!  16  — 
Iron-water  shielding  tank  refrigerator;  17  —  Steam  genera¬ 
tor  oompartaentt  18  —  Circulation  puap  ooapartBent;  19  — 
liaonite  oomorete  shielding!  20  —  Steam  pipe  oeapartment ; 
21  —  Control  and  protsotion  rod  serroaotor  ooapartaent* 


Figs  12  and  13  are  diagrams  of  radiatlmi  shielding 
for  nuclear  rsaotors  of  different  power* 

As  an  sxaapls  of  biological  shielding  of  ship  reactors 
let  us  oonsider  the  XPP  of  the  ioebroaker  "Lenin "* 

The  arrangonoat  of  the  IFF  and  its  shisldiag  were 
selected  after  reworking  a  large  nuaber  of  variants*  %e 
shielding  oonsisted  of  a  seleetion  of  stainless  steel  plates 
in  water  and  partially  oonorete  with  a  liaqnite  ore  filler 
(Fe20^*3R20)  steel  plates  were  selected  *hs  shielding  for  the 

priaary  heat  transfer  agnst  loops*  Experiments  carried  out 
on  a  reactor  with  an  aoitve  sene  analogous*  to  the  icebreaker 
reactors  shewed  that  to  retard  neutrons  and  gaaaa  rays  foraed 
through  neutron  capture  in  iron,  the  optiaal  iron-water 
ooabination  is  one  in  which  the  ratic  of  voluae  oonoentrations 
FstHgO  lies  in  the  range  froa  50i50  to  63t33*  In  planning 

the  shielding  for  the  icebreaker  reactor*  exceptions  were 
Bade  in  a  nuaber  of  oases  in  favor  of  a  gtkater  proportion 
of  water*  This  leads  to  sons  deterioration  of  the  shielding 
qualities  with  respect  to  neutrons*  but  rstluees  the  weight 
of  the  shielding* 

The  iron-water  ooabination  is  inatalled  in  a  single 
tank  filled  with  distillate  which  circulates  over  a  closed 
loop*  surrondering  the  heat  accumulated  in  the  shielding  to 
a  ssoondary  heat  transfer  agent  (auxiliary  loop)  in  a  special 
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heat  exchanger.  The  entire  loop  with  the  tfiatlllate  In  the 
Iron-water  ooaihlnatlon  tank  (inner  cooling  loop)  is  shielded 
with  steel. 

In  connection  with  the  fact  that  in  the  first  loop 
the  water  (during  reactor  operation)  has  a  great  specific 
activity  due  to  N'^  nuclei  which  emit  hard  gamma  rays,  all 
of  the  primary-loop  equipment  and  connecting  pipelines  are 
shielded  with  steel  plates  380-420  mm  in  thickness.  The 
arrangement  of  the  equipment  in  the  primary  technological 
loop  of  the  NTP,  the  haeie  iron-water  and  concrete  and 
supplementary  steel  shielding  are  shown  in  Fig  14. 

In  calculating  the  radiation  shielding  for  reactors, 
it  wae  aesumed  at  the  start  that  the  total  neutron  flow  and 
gamma-ray  stream  from  the  active  zones  of  the  reactors  were 

2*10^ ^neutrons/cm^sec  and  3*<o'^  mev/em^sec,  respectively. 

The  total  thickness  of  shielding  from  aetive-sone 
radiation  in  the  direction  of  the  living  compartments  con¬ 
sists  of  900  mm  of  steel  and  9^0  mn  of  water. 

Shielding  Cheeks  and  the  Construction  of  Isodoeal  PlanramB 

In  planning  ships  with  KPP  and  sketching  out  the 
general  location  and  arrangement  of  equipment,  it  is  neoes- 
eary  to  carry  out  check  caloulationo  of  the  radiation  hahi- 
tability  of  compartments  [see  note]  outside  the  shielding 
contour.  [Note:  Let  us  agree  to  define  the  term  ''radiation 
habltahlllty"  aa  the  characteristic  of  the  radiation  environ¬ 
ment  which  can  be  used  as  a  criterion  for  the  possibility 
of  the  presence  of  the  servicing  personnel  in  a  given  area 
cr  ship  compartment  during  a  given  period]. 

The  absolute  values  of  radiation  streams  with  normal 
operation  depand  on  reactor  power,  and  If  th**  NPP  consists 
of  several  reactors ,  on  the  total  power  of  th«  eimultaneously 
functioning  reactors.  Hence  we  determine  the  maximum  radiation 
flow  from  the  basic  sources  —  the  active  zone  and  technolo¬ 
gical  loop  elements.  In  partloular,  for  a  water  reactor  with 
water  under  preseure  (with  the  exception  of  the  active  zone) 
these  are  the  heat  exchangers,  steam  generators,  pipes  in  the 
first  loop,  fete,,  having  large  outer  surfaces  (pipes  with 
a  diameter  exceeding  100-150  run),  etc.  Further,  on  the 
basis  of  the  general  design  of  the  ship,  a  list  is  made  of 
the  compartments  for  which  it  is  necessary  to  determine 
the  radiation  habitability.  The  attenuation  of  penetrating 
radiation  beyond  the  shielding  as  a  result  of  passage  through 
metal  partitions,  decks,  and  large  structures  and  pieces  of 
equipment,  mountings,  dlesele,  turbines,  generators,  — 
usually  not  taken  into  account  in  oaloulation  will  yield 
a  certain  reserve  with  respect  to  the  shielding  thickness. 

It  is  also  necessary  to  take  into  consideration  from  the 
cisterns  holding  waste  and  radioactive  deactivation  water, 
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«vftn  if  these  heve  their  own  Independent  hlologloel  shielding. 

The  eheoks  should  he  carried  out  for  a  number  of 
parallel  planes  in  various  directions.  Usually  it  is  suffi- 
oient  to  carry  out  oaleulatlons  of  shielding  in  three  planes 
along  nutuallyoperpendieular  direotionst  the  deok  plane, 
the  bulkhead  plane,  and  strake  planes, 

the  results  of  caloulations  are  tabulated  in  two 
tables  sasplea  of  which  are  presented  below.  Table  13 
indicates  the  results  of  calculations  of  radiation  levels 
of  radiation  souroes  at  various  diatanoas  from  the  biological 
shielding  surface,  imible  14  contains  the  average  value  of 
radiation  in  the  given  oonpartnent  in  terns  of  Bayinun  per* 
aissible  doses  of  oooupational  radiation  over  an  6»hour 
period,  making  it  poeeible  to  determine  the  oorresponding 
degree  of  radiation  habitability. 


table  13 
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k  s  Plane;  B  s  Direction;  C  s  Basic  radiating  surfaces  of 
penetrating  radiation  sources;  D  s  Dose  of  penetrating 
radiation  at  the  dietanoe  in  meters  from  the  outer  surface 
of  shieldizig.  reb/hour;  E  k  Bulkhead  110;  P  s  Toward  stern; 

0  ss  Steam  generator;  Oirculation  pumps  Nos  1  and  2;  Main 
steam  pipeline. 

According  to  the  length  of  presence  of  serviot  per¬ 
sonnel  in  ship  oonpax^ments .  it  is  possible  to  class  the 
latter  in  three  categories t 

1 )  constantly  inhabited  —  compartments  in  which 
the  personnel  live  and  reat  (cabins,  galley*  siok  bay. 
mess  halls,  lounges,  etc.); 

2)  service  areas  —  compartments  in  which  personnel 
remain  during  watches,  but  not  more  than  8  hours  a  day; 

3)  psrlodioally  visited  areas  —  oompartnents  in 
which  the  personnel  remain  periodically,  hut  not  over  4  hours 
a  day. 
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Sasplt  Fora  for  Recording 
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k  s  CompartBieiit  nuiibar  and  coordinatat;  B  s  Coapartnant  name; 
C  ~  Praaanoa  of  aarviea  paraonnal!  D  s  ATaraga  radiation  doaa 
(nazinua  paraiaaibla  daily  aaount);  E  s  Starboard  gunvala  1; 
f  s  Upper  dacK  4j  g  «  Btakhaada>120-!28{  H  »  Powar  plant 
watoh.  station;  I  s  Constant* 

It  should  ba  axpaoted  that  oaloulations  of  this  type 
will  not  ba  too  praoisa;  howavar*  taking  into  account  the 
available  anginaaring  ’’rasarva",  tha  rasults  can  ba  takan 
as  satisfactory  if  carried  out  with  an  accuracy  of  ±25%, 

Pig  15  shows  sons  possible  isodosal  diagrams*  The 
numbers  on  the  isodosal  curves  conditionally  indicate  the 
radiation  levals  azprassed  in  terms  of  maximum  parmissibla 
8*hour  occupational  radiation  doses*  It  is  particularly 
important  to  plan  radiation  shielding  so  that  tbh  radiation 
levels  drop  of  maximally  in  tha  direction  of  living  quarters* 
Soma  azeasa  in  tha  levels  of  penetrating  radiation  in  the 
direction  of  the  hold  or  side  cisterns  or  other  uninhabited 
compartruents :  storage  oompartmante ,  tanks*  ventilation 
ducts,  sto*,  is  permitted* 

As  is  kzujwn.  the  flow  of  penetrating  radiation 
rapidly  dacraasas  with  distanoa  from  tha  surface  of  tha 
shielding*  At  a  distanoa  of  20  m,  radiation  levels  have 
decreased  tans  of  times*  Hanoa  follows  tha  inevitable  con¬ 
clusion  of  the  desirability  of  maximum  removal  of  tha  reac¬ 
tor  cubicle  from  tha  ship's  living  and  service  quarters* 

Upon  fulfillment  of  this  condition*  there  is  a  considerable 
simpllfioation  of  the  problem  of  localising  the  spread  of 
radioactivity  and  the  maximum  reduction  of  the  radiation 
levels  even  in  period ioally-frequen ted  compartments* 
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Following  practical  meaaurement  of  IsodQtal  charta, 
dosimetric  equipment  Is  used  to  detenalne  the  permissible 
lens;th  of  presence  of  personnel  In  the  NPF  compartments. 

The  tine  Is  calculated  from  the  formula 

t  =  D/P. 

where  D  Is  the  maximum  permissible  dally  dose  of  occupational 
radiation,  at  present  equal  to  0.017  reb.  and 
P  Is  the  gamma -radiation  dose.  In  r/hour. 

For  the  sake  of  convenience.  It  Is  possible  to  make 
use  of  the  curves  shown  In  Figs  16  and  17.  calculated  for 
a  gamma  ray  dose  from  10“*’  to  3  r/hour. 


Plgj.re  16,  Curve  of  permissible  time  of  presence  t  of  service 
peraonnel  with  doses  P  of  gamma  radiation  from  0,001  to  0,01 
r/hcur.  A  =  P,  r/hour;  3  =  t.  hours. 

Under  conditions  of  practical  exploitation  of  a 
shit  NPF,  the  permissible  time  of  personnel  presence  In  the 
reactor  compartments  must  be  controlled  depending  on  the 
radiation  environment  in  each  actual  area  according  to  the 
data,  of  quarterly  measurements  and  smtrgsnoy  measurements 
under  conditions  which  warrant  this* 

As  examples  to  Illustrate  two  different  solutions  of 
the  shielding  problem.  It  Is  possible  to  use  the  plans  for 
the  Swedish  atomic  tanker  and  the  Soviet  atomic  Icebreaker 
''Lerin”. 
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Plgur®  17.  Curve  of  perDisBlble  time  of  preeenoe  t  of  sei^lce 
personnel  with  doses  P  of  rsiobs  radlstlon  froTn  0,01  to  O,"*! 
r/hour,  A  =  P,  r/hour;  B  =  t,  mln/hour. 

The  greet  length  of  the  tanker  and  the  distribution 
of  llvinc  and  service  compartments  in  the  stern  oharacterlxtlc 
of  this  type  of  vessel  have  made  possible  the  favorable  place¬ 
ment  of  the  reactor  cubicle  at  a  distance  of  about  70  m 
from  the  nearest  living  compartment  (Pig  1B).  A  different 
configuration  was  used  In  the  “Lenin"  (Fig  19).  The  hull  of 
the  icebreaker  la  fairly  short,  and  as  distinct  from  the 
tanker,  is  full  of  machinery  and  equipment.  As  a  result,  It 
was  not  possible  to  place  the  reactor  cubicle  at  the  most 
desirable  distance  from  the  living  and  service  quarters, 
which  necessitated  the  use  of  more  shielding. 
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Figure  16.  Location  of  reactor  cubicle  on  the  Swedish  atomic 
tanker. 


Figure  19,  Location  of  reactor  cubicle  on  the  atomic  icebreaker 
"Lenin”. 
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L-'>:?apter  17 

SOiv'H:  OT-:  T)QSIV?.TR10  A‘-T4RA?U3 


9.  General  Remarks 

i’he  use  of  ar-rarar^us  for  controllinc'  the  radiation 
r.tate  of  e  ship  with  a  .'.PP  le  a  new  field  presently  in  the 
stare  of  develortment,  7ove:ver»  ship  dosimetry  undour-tedly  to 
a  rreat  ewtent  depends  on  the  errerlence  aocumulated  In  the 
Instruinent  design  Industry  ii:  developlnr  and  conatructinp 
analcrouo,  '^evlce«  for  the  atomlo  industry,  clnlnfr,  physios 
research,  medlclre,  laboratory  needs,  etc.  Usually  these 
devices  are  called  dosimeters,  although  strictly  speaklnr 
this  fiarae  Is  applicable  only  to  those  of  them  which  measure 
iorlj'lnc'  radiation  doses.  In  practice  it  is  also  necessary 
tc  measure  streams  of  nuclear  particles,  the  cor.eentration 
cf  rsnlcectlve  materials,  etc,,  for  which  we  employ  counters 
radiometers,  rcentyen  meters  (r-rr.eters ) ,  and  ether  devices. 

According  to  purpose,  dosimetric  devices  can  be 
broken  up  Into  six  basic  yroups : 

1 )  dosimeters  —  devices  to  measure  doses  of  pene¬ 
tratin'-  radiation  («amma  radiation  or  neutron  streams); 

?)  mdiorneters  —  devices  to  measure  activity,  l,e,, 
the  amount  of  radioactive  sutstanees; 

.;i)  r-meters  —  devices  to  measure  the  stren^^th  of 
Ramns  radiation  doses; 

4)  devices  to  measure  neutron  streams; 

5)  devices  to  measure  radioactive  mns  concentrations 

6)  devices  to  measure  concentrations  of  radioactive 
aerosols. 

As  a  rule,  any  sinfirle-channel  dosimetric  device  (de¬ 
vice  for  treasurement  at  a  single  point)  can  be  reduced  to 
the  fcllowlnp  block  scheme:  pickup,  triggering  detector  of 
Ionizing  radiation,  recording  «nd  elgnalllnr  device,  and 
power  supply  (Plff  ?0), 

All  doslrr.etrlc  apparatus  is  based  on  the  principles 
of  electronics  and  radio,  and  is  rather  complicated  on  the 
whole.  It  makes  wide  use  of  electronic  bigh-galn  amplifiers, 
blvhly-sensltive  electronic  relays,  counters,  etc. 


A  large  riumber  cf  (device  oomronenta  5.r  oojabiaatlon 
v1,th  these  qualities}  leads  to  the  iBsufflelenl  stability  of 
their  parpMecers  and  relatively  lovr  reliability,  especially 
ifve  take  into  account  specific  shipboard  operating  con¬ 
ditions*  There  are  frequent  minor  varietlcns  in  parameters 
of  the  ievlce  components  —  capacitors,  resiatoi'e,  electronic 
tubes,  deteetora,  —  which  does  not  lead  to  s-  direct  dis¬ 
rupt  ioc  of  device  operation,  but  distorts  the  readings. 

Two  similar  serially-ocnstructed  devices  can  have  a  elgnifl- 
ctn'c  divergence  cf  output  parameters ,  The  precision  of  modem 
dosimetric  equipment  does  not  exceed  lO'?.  Hence  it  follows 
that  the  graduation  of  doslaetric  devices  must  by  systematic¬ 
ally  cheeked  with  recording  of  the  resulting  data  in  the 
calibration  log. 


Figure  20,  Slock  diagram  of  slngle-charjiel  dosimeter, 

1  —  Pickup;  «?  --  Recording  and  signalling  device;  "5  « 
pewer  supply, 

rjoslmsterB  should  be  graduated  in  such  a  way  as  to 
include  the  necessary  radiation  spectrum  end  iptenslty 
ranges,  Oraduatloa  la  performed  either  by  coTr.r>&rlson  with 
a  standard  dosimeter  or  with  the  aid  of  a  radioactive  stan¬ 
dard  sample, 

?o  control  the  functional  ability  of  the  apparatus 
as  well  as  tc  roughly  check  the  greduation,  use  is  made  cf 
special  low-activity  radioactive  preparations  usually  sup¬ 
plied  together  with  dosimetric  equipment.  In  particular, 
to  check  gairtiaa  dcstmeters,  cobalt-60  is  ueed  as  the  gamma 
source;  neutron  dosimeters  are  checked  by  means  c?  radio¬ 
active  beryllium  or  poionlum-berylllura  samples. 


'0.  loniglng  5a.dlatlon  Deteotoru 

Piokujjs.,  The  purpose  of  pleKups  io  to  produce  some 
electrical  quantity  or  ite  variation;  e.p.»  the  variation  of 
voltage  or  current «  a  pulse »  a  variation  of  reeistance,  eto.» 
dependent  on  the  Intensity  of  ionizing  radiation  in  the 
given  area.  For  this  purpose  pickups  employ  special  detectors 
of  ionizing  radiation:  ionization  chambers,  gas -discharge, 
and  enlntillatlon  counters.  Belov  we  consider  the  operating 
prinoiplee  of  these  devices. 

Ionization  chambers.  Iioeimetric  devices  use  the 
phenomenon  of  variation  or  gas  conductivity  depending  on  the 
intensity  of  ionizing  radiation  aeting  on  the  gas. 


Figure  21  «  Diagram  of  ionization  current  measuring  sohese. 

A  s:  Ionization  chamber;  B  =  Cathode;  C  =  Anode;  p—  Galvano¬ 
meter;  s  Battery. 

Figure  21  shows  the  simplest  clreult  which  makes 
possible  the  measurement  of  the  electrical  conauctivlty  of 
a  gas.  the  ionization  chamber  ( VI  K)  is  usually  a  closed 
volume  containing  two  electrodes  and  filled  with  a  gas  or 
mixture  of  gases  ap  to  a  certain  pressure.  Under  the  action 
of  charged  particles  passing  through  the  ionization  chamber, 
(as  well  as  gamma  rays  or  neutrons),  the  electrically-  neutral 
gas  atoms  are  ionized,  forming,  positively-  and  negatively- 
charged  particlee  (ions).  Under  the  action  of  the  applied 
electric  f lelc ,  the  ions  travel  toward  the  anode  and  cathode, 
producing  the  eleotrlcal  current  registered  by  the  galvano¬ 
meter  r  .  The  dependence  of  this  ionization  current  on  the 
potential  difference  applied  to  the  chamber  is  shown  in  Fig 
22.  On  portion  I  of  the  curve,  the  current  I,  l.s..  the 
number  of  ions  reaching  the  electrodes,  is  proportional  to 
the  applied  potential  difference  U  in  accordance  with  Ohm's 
law.  On  section  II,  the  current  I  =  l^  is  independent  of  U. 
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?lgur«  22.  Curve  ahowlng  dependence  of  ionization  current  I 
on  the  potential  difference  applied  to  the  ionization  ehamber* 

Is  called  the  saturation  current  and  eorresponde  to  a 

state  of  the  ionization  ohamber  where  all  of  the  lone  formed 
in  it  reach  the  electrodes.  The  absolute  value  of  the  satu¬ 
ration  current  depends  solely  on  the  intensity  of  the  ioniz¬ 
ing  radiation.  On  portion  IXI  of  the  curve,  the  ionization 
current  once  again  increases  sharply  due  to  the  so-oalled 
secondary  or  shock  ionization  produced  in  the  gas  by  the 
ione  themselves  due  to  their  aooeleration  to  a  sufficiently 
high  energy.  Further  increasing  the  applied  voltage,  wt  enter 
portion  IV  of  the  curve,  corresponding  to  the  phenomenon  of 
electrical  breakdown  analogous  to  a  short  circuit  inside  the 
chamber «  Usually  ionization  chambers  opv^ate  in  the  voltage 
range  corresponding  to  the  plateau  portion  of  the  curve  (II) 
when  the  ionize tion  current  is  proportional  to  the  strength 
of  the  does  of  ionizing  radiation  under  investigation. 

— ^ - ! 

Figure  23.  Diagram  of  gas-discharge  counter.  1  —  oathode 
(metallized  inner  surface  6f  glass  tube  or  thin-walled 
metal  tube)  2  —  anode;  3  —  battery;  4  —  measuring  device. 
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Ciaa -discharge  counters.  At  -feresent,  wide  use  Is 
being  rcade  of  GeiKer-Muller^gae-cilacharge  counters.  Gas- 
discharge  counters  are  Ionization  chambers  which  operate 
under  ednciltlone  of  section  III  of  the  curve  la  ?lg  22,  l.e, 
under  conditions  of  gas  amplification.  The  ratio  of  the  size 
of  the  ourrent  pulse  to  the  initial  ionization  Is  called  the 
gas  amplification  factor.  The  mechanism  Involved  in  the 
operation  of  the  gae-dlscharge  counter  la  the  following. 

The  ionizing  radiation  passing  through  the  sealed  tube 
produces  a  certain  number  of  ion  parls  which  begin  to  move 
toward  the  appropriate  electrodes  under  the  Influence  of  the 
electric  field  (Pig  2'5).  As  a  result  of  the  high  electric 
field  intensity  In  the  tube,  the  energy  acquired  by  the  Ions 
as  they  are  accelerated  in  the  apace  between  the  electz^dea 
becomes  sufficient  to  produce  secondary  ionization.  The 
current  flowing  through  the  counter  Increases  sharply  upon 
the  collision  of  such  accelerated  ions  with  neutral  particle 
of  the  filler  gas,  and  the  current  pulse  thus  produced  can 
be  registered  by  means  of  a  special  circuit.  The  length  of 
the  pulse  In  a  gae-dlscharge  counter  is  very  amall  (about 

sec),  which  makes  it  possible  to  register  both 
single  ionizing  particles  and  a  large  number  of  particles 
per  unit  time. 

Usually,  gas-discharge  counters  are  eyllndrical  In 
shape.  The  outer  metallic  shell  Is  the  cathode,  while  the 
filament  running  along  the  axis  of  the  cylinder  is  the  anode 
The  necescary  potential  difference  is  applied  across  the 
filament  and  shell.  The  counter  pulee  can  be  amplified  with 
the  aid  of  an  ordinary  electronic  tube. 

A  diagram  of  a  gaa-disoharge  circuit  with  amplifier 
l8  shown  in  Fig  24. 


Figure  24.  Plagraa  of  gas-discharge  counter.  A  s  Cathode*, 
B  s  Anode. 


Sclntlllatloa  counters .  The  operation  of  eelntlllatioa 
counters  is  baaeS  on  the  use  of  the  phenomenon  of  the  exoit* 
ation  of  the  a tome  of  certain  substances  and  the  emission  of 
light  quanta  uppn.  passage  through  them  of  Ionizing  radiation. 
The  return  of  the  atom  from  the  excited  to  the  normal  state 
is  accompanied  by  a  ecintillatlon  which  can  be  registered 
by  means  of  a  photomultiplier, 

A  number  of  organic  and  Inorganic  substances  exhibit 
scintillation:  properties;  it  is  quite  significant  to  note 
that  the  phenomenon  takes  plaoe  in  both  solid  and  liquid 
and  gaseous  materials.  Scintillation  counters  are  used 
In  particular  to  measure  gamma  and  neutron  radiation.  The 
sclntlllatore  most  widely  used  for  this  purpose  are  sodium 
Iodide  crystals  actlvatad  with  thallium  —  Kal(Tl)  and  zinc 
sulfide  cz^stals  activated  with  silver  — >  ZnS(Ag),  In  particu¬ 
lar,  fast  neutron  streams  are  measured  bv  means  of  polys tyrol 
tablets  infused  with  zinc  sulfide  crystals.  A  block  diagram 
of  a  scintillation  cottnter  Is  shown  In  Pig  25.  In  scintil¬ 
lator  2  Irradiated  with  ionizing  radiation  there  arise  light 
flashes  whose  photons  strike  the  photocathode  of  multiplier  3* 
As  a  result  of  the  photoeffect  [see  note],  the  latter  emits 
electrons,  which  are  accelerated  by  the  electric  field,  strike 
the  first  dlnode  j;;},  ^  and  dislodge  additional  electrons  from 

It.  These  are  In  turn  accelerated,  strike  the  second  dlnode, 
etc,,  all  the  way  to  the  final  dlnode  H  .  The  greatly-amplified 
pulse  (the  photomultiplier  gain  may  reach  10®-10o)  formed 
across  the  load  resistor  of  the  photomultiplier  Is  sent  on 
to  a  special  registering  device,  [Note;  Broadly  speaking, 
the  photoeffeet  ref era  to  the  appearance  or  variation  of  an 
electric  current  In  a  circuit  upon  the  Issumlnaticn  of  one 
of  Its  elements.  The  physical  nature  of  this  phenomenon  con¬ 
sists  in  the  fact  that  the  light  incident  on  the  surface  of 
the  elemeut  dislodges  electrons  which  are  called  photons. 

More  detailed  information  may  be  found  In  any  physics  text 
or  H  book  on  the  theory  of  electrical  phenomena  In  gases  and 


Figure  25.  Block  diagram  of  scintillation  counter,  1  —  inter¬ 
mediate  anodes  ( dinodes};  2  —  solntlllator;  3  —  photocathode; 
A  s  Gamma  quantum;  B  x  To  amplifier. 
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1 1  .  Oontrol-ReglstT^na  a^d  Devleaa  of 


C'UtlUTiHt' 


Stationary  doalMtrlo  Inatrunants  are  either  alngle- 
or  Bultl -channel,  depending  on  their  purpoee.  A  single- 
channel  derloe  aakes  It  possible  to  aeasure  Ionising  radi¬ 
ation  at  a  single  point,  while  nultl-ohannel  derloes  provide 
a  means  of  suooesslve  sieasurenent  In  a  number  of  places • 

In  addition  to  a  detector,  dosimetric  Instruments  usually 
Include  signalling,  registering,  and  awasurlng  devices 
which  represent  standard  eleotronlo  amplification  clroults, 

71g  26  shows  a  blook  diagram  of  a  tsn-ohaansl  dosimetric 
device.  Ten  pickups  are  hooked  up  to  an  amplification- 
registering  device  ^  ^  )  whloh  amplifies  the  pulses, 
sending  them  on  to  the  signalling devloe.  The  signalling 
device  (c::^  )  assures  the  actuation  of  the  appropriate 
channel  of  the  thareshold  light  or  sound  signalling  system. 

The  measuring  device  ( )  has  at  Its  output  a  properly 
graduated  measuring  Instrument  —  a  direot-readlng  mloro- 
ammeter  switched  automatically  or  manually  to  the  required 
channel.  Measurement  with  the  aid  of  a  pointer  device  can 
be  replaced  by  measurement  of  signal  amplitude  on  the  screen 
of  an  electronic  osolllosoope  whose  use  allows  observation 
and  measurement  along  several  tens  of  channels  simultaneously. 
Modem  dosimetric  multl-ohannel  systems  make  possible 
simultaneous  control  of  several  types  of  radiation  along 
hundreds  of  channels. 


12.  Measurements  of  Sadloaetlve  Gas  and  Aerogol  Coa? 


Internal  Irradiation  of  the  human  organism  due  to 
active  materials  Ingested  la  respiration,  eating  and  drinking, 
and  through  the  skin.  Is  many  times  more  harmful  than  external 
Irradiation  with  the  same  quantities  of  radioactive  materials* 
Of  ,the  three  aformentloaed  means  of  entry  of  radioactive 
matter  Into  the  organism,  the  first  Is  the  most  dangerous* 

For  this  reason,  the  maximum  permissible  oonoentratloas 
(MFC)  of  radioactive  gases  and  aerosols  In  the  air  of  service 
compartments  are  extremely  small  quantities*  According  to 
modern  International  rules  they  are  10*^1  ourle/llter  for  gases 
and  1 0-’ 3ourle/llter  for  aerosols. 

The  origin  of  radloaotlve  eases  was  considered  above. 

In  the  chapters  describing  physloal  prooesses  taking  place 
In  reactors. 

Aerosols  are  solid  par tloles  in  euapenalon  In  the  air* 
The  sixes  of  aerosol  particles  are  extremely  minute  —  their 
diameters  range  from  0*1  to  0*001  microns*  As  a  result,  they 
oan  remain  in  the  air  for  a  long  time,  subject  to  the  law  of 
Brownian  motion.  Radioactive  gases  spread  la  the  air  by 
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Figure  26.  Block  dlagran  of  ten-chaonel  dosimatrlo  devloa. 

\  —  Signal  block?  2  —  Measuring  block;  3  —  Oscilloscope 
screen;  4  —  Bell;  Amplifying  registering  device, 

A  s  Pickups. 

by  ordinary  diffusion.  If  we  take  into  account  that  the  aver¬ 
age  value  of  Mtural  radioactivity  In  the  air  is  on  the  order 
of  10*' 3-10*^^  ourie/llter,  it  beoomes  olear  that  dosimetric 
devices  which  assure  control  over  gas  and  aerosol  concentra¬ 
tions  in  air  icust  be  extremely  sensitive.  The  methods  of 
measuring  gae  and  aerosol  activity  is  specific  and  differs 
from  the  methods  of  msasuring  penetrating  radiation* 

A  skeleton  diagram  of  a  gas  radloaotivity  meter  is 
shown  In  Pig  27,  The  Instrument  pickup  —  a  gae-dlscharge 
counter  --  is  placed  in  a  special  “counting"  enclcsure  through 
which  the  controlled  air  is  pumped.  The  dimensions  and  shape 
of  the  counting  enclosure  determine  to  total  aotlvity  of  the 
air  in  It  at  s  given  Instant,  and  therefore  the  radiometer 
sensitivity.  It  is  not  hard  to  show  that  within  certain 
limits  the  Instrument  sensitivity  will  be  proportional  -to 
the  volume.  The  device  is  graduated  only  in  accordance  with 
a  specific  counting  enclosure,  for  which  a  special  calculation 
is  carried  out. 
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Figure  27.  Skeleton  diagram  of  gaa  radioaotlvity  meter, 
a  —  Skeleton  scheme  of  aerosol  meter:  1  —  Antlaeroaol 
filter;  2  —  Counting  enclosure;  3  —  Radiometer  plokup! 

4  —  Ventilation  channel;  5  —  Radiometer  measuring  device; 
h  —  Structure  of  pickup  component  In  counting  enclosure: 

I  —  Counting  enclosure;  2  —  Cable;  3—  Ventilation  channel; 
4  —  Radiometer  pickup. 

To  avoid  the  buildup  of  the  radioactive  gas  detector 
background  as  a  result  of  the  accumulation  of  aerosols  In  the 
air  ducts  ahead  of  the  counting  volume,  anitaerosol  filters 
are  installed  in  the  latter.  The  counting  enclosures  are  usu¬ 
ally  made  of  stainless  steel  vlth  a  polished  Inner  surface. 
This  cuts  down  on  the  settling  of  aerosols  still  passing 
through  the  filter  and  eimpllflee  the  periodic  deactivation 
necessary  for  the  elimination  of  background.  The  external 
effect  of  the  gamma  background  can  be  reduced  with  the  aid 
of  the  background  compensation  circuit  employed  in  such 
instruments. 
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The  operation  of  moet  aez^sol  devices  Is  based  on 
the  periodic  measurement  of  the  total  activity  of  aerosols 
settling  over  a  given  time  period  on  a  special  filter 
mounted  In  the  oontrolled  air  duot.  The  principle  of 
radioactive  acouaulatlon  makes  It  possible  to  Increase 
Instrument  sensitivity  and  to  control  even  very  small 
aerosol  eonoentratlons.  Aerosols  can  settle  due  to  purely 
mechanical  filtration  or  through  the  use  of  electrostatic 
filters.  The  effeotlveness  of  filter  operation  depends  on 
the  sizes  of  aerosols  and  ths  rats  of  air  motion.  In  a  number 
of  modem  filters  for  gathering  radioactive  aerosols,  the 
efficiency  exceeds  991(.  In  conoluslcn  we  shall  describe  a 
system  of  aerosol  monitoring  most  applicable  In  modern 
ship  practice.  A  diagram  of  such  a  system  is  shown  in 
Pig  23. 


I  Jil 


Figure  28,  Diagram  of  system  for  measuring  radioactive 
aerosol  concentration.  I  Oontrolled  compartment;  II  -- 
Ventilator  seotlon;  III  Central  dosimetry  station; 

1  —  Shielding  screen;  2  —  Radiometer  pickup;  3  ^dlo* 
meter  measuring  Instrument;  B  —  ventilator;  9  —  Interchan¬ 
geable  filter;  P  —  Plow  gauge,  A  =  Blowout. 

The  controlled  air  Is  pumped  by  a  special  ventilator 
B  through  filter  9  which  the  radiometer  pickup  is 
mounted.  In  order  to  avoid  the  spread  of  activity,  the  air 
ducts,  ventilator,  filter,  and  radiometer  pickup,  as  well 
as  the  air  flow  meter  P  are  hermetioally  sealed  and  placed 
where  possible,  with  the  exception  of  the  instrument  plokup, 
outside  the  unoontamlhated  perte  of  the  ship,  beet  of  all  — 
In  the  contaminated  ventilator  oompartmente •  The  air  taken 
for  oontrol  Is  usually  blown  outside  or  Into  the  same  speoe 
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from  which  It  was  drawn,  Knowlnt;^  the  amount  of  air  pasalni? 
throucfh  the  filter  from  the  rsadilii?!r8  of  flow  meter  ?,  and 
havln,^  measured  tne  total  activity  over  a  definite  span  of 
tine,  It  la  poaslhle  to  determine  specific  aerosol  activity. 

The  filter  Is  usually  in  the  form  of  a  ribbon  wound 
by  a  small  remote-aontroi  motor  switched  on  at  the  dosimetry 
station.  This  makes  possible  the  periodic  replacement  of 
filter  elements  and  the  repetition  of  remote  measurements 
without  enterlncr  the  controlled  compartment, 

Wa  could  d ascribe  a  number  of  other  dosimetric 
devices  and  methods  of  measurlUR  aerosol  concentration, 
but  this  Is  beycnd  the  scope  of  our  work;  descriptions 
will  be  found  In  the  .journals  and  In  special  publications, 

'  5.  Portable  Soalmeters 

In  their  functional  principles,  portable  dosimeters 
do  not  differ  from  stationary  Instruments,  The  block  diagram 
of  a  portable  device  likewise  Includes  a  plokup  conalstln^ 
of  a  radiation  detector  and  a  rapiste ring-measuring  component 
connected  to  It  b*''  means  of  a  flexible  cable.  Portable  dosi¬ 
meters  are  powered  as  a  rule  by  dry  cells  or  storage  batteries, 
The  only  difference  la  In  portable  devices  for  measuring 
radioactive  gao  and  aerosol  concentrations  In  the  air  and 
The  activity  of  water. 


Figure  «J9.  RM-ft  poekot  ionizing  radiation  Indicator, 

Inasmuch  as  the  measurements  carried  out  In  these 
cases  are  with  reference  to  a  volume  which  determines  the 
Instrument  sensitivity,  only  the  counting;  enclosure  can  be 
portable.  It  Is  constructed  of  materials  which  can  be 
easily  deactivated  (e,g.,  plastics  or  glass ).  take b.  to  the 
controlled  areas  ana  there  filled  with  the  air  or  water  under 
study.  Then  It  Is  sealed  and  taken  to  the  laboratory. 
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tOottn  lit  It  l■itl■^rli  «lth  tht  aid  of  a  xadltattrle  iaatal- 
laitltsi.  1998  latttr  caaalata  of  a  zadlatioa  dotoetor  aoalad 
la  load  oT  aitaal  ahtaldiag  to  looor  tlio  oxtornal  saana 
taitkssMvad  ohldli  adda  a  ■oaoozoaMat  orcor,  aad  tht  appxo* 
firlato  olootsofile  apvaratta.  Vhta  it  lo  aoetttary  to  ataoort 
waatf  tattU  aaxoaol  eoaooatcatlma,  portahlo  doolaotort  art 
aloo  itood  la  ooaJvnetltA  vitli  tht  ahoto  aothtd  of  aotlTity 
aoeannlatlta  oat  a  flltor*  Ih  thlt  oaooa  tht  portahla  l]ittra« 
atat  It  aoolwtd  with  a  aaalX  air  hlovor  and  aatlaarosol 
fUtar.  llittr  changtag,  aetattloa,  aad  ahatoff  of  tho  tlr 
hloMtr  aro  yaxfocatd  aaanally* 


Tor  ayatoaatlo  datandaatloa  of  total  abtorhod  radi¬ 
ation  dosoo,  ao  voll  aa  ladiridntl  eoatroX  of  tho  radiation 
oorlroaaoat  la  tho  aortc  aroo,  tho  poroonaoi  oorrieiag  tht 
rototor  art  prorldod  with  rariout  alalaturo  doaiaetrlo 
datrleta.  Tht  foiiovlag  trt  tht  hatle  oatt  aong  thttt. 

jffllliBItl-filHAiXI.*  Btfort  att,  tht  dtviott  trt  ehtrgtd 
to  a  eertalA  doflalto  potoatial*  la  a  fioid  of  ioaising  radi- 
atloa,  the  ooadoator  diaohargoo  as  tho  rooult  of  ioat  foraod 
vlthia  lt«  ?roa  tho  rtaaialag  ooadoator  ehargt  aoaturod  vlth 
a  tfoelai  lattruatat.  tho  radiatloa  doat  it  dtttraiatd*  In 
appaartaet,  thia  dtriot  rtatahitt  a  foaataia  pan# 

iriMi  Thia  it  a 

htlogta  oonattr  in  ooahiattloa  with  t  thyrttroa  tad  an 
ordinary  tarphont*  Badlatioa  it  ragittorod  rituaily  by  ob- 
terrlng  thyratroa  fitthta  tad  aurally  aooordiag  to  tho 
nuabar  of  oiiokt  ia  tte  phono »  thioh  it  proportional  to  tho 
intanaity  of  radiation.  Tho  darioa  ia  uaually  auppliad  with 
a  conrtroioa  tahla  ahieh  aakaa  it  poaaibla  to  oonvoort  tho 
numbar  of  clicks  par  unit  tint  iato  tha  aiaa  of  tho  doao 
(r/hour),  Tho  doTloa  ia  povaorad  by  a  dry  ocll.  It  muat 
bo  noted  that  auoh  aa  iadioator  providta  only  a  aualitatire 
eatimate  of  ionizing  radiation.  Fig  29  ahova  a  daviea  of 
thia  typo. 

.fltUfll*  *5*  total  radiation  doao  it 
determined  viaually  aeeordiag  to  tho  ehaagt  ia  the  poaltioa 
of  electroscope  learea  relative  to  each  other;  the  eleotoro- 
acope  ia  charged  ia  advance  and  placed  in  a  glaaa  tube  vlth 
an  optical  ayotem*  In  appaaranoe,  tha  device  looka  like  a 
aeohanioal  pencil. 

Flla  badaea.  Tha  total  radiation  does  ia  datarainad 
from  tha  degraa  of  blaokaning  of  a  photoaanaltiva  place  of 
film  placed  in  a  apaoial  li^t-aealed  holder  due  to  the 
action  of  Ionizing  radiation. 
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Ohapttr  V 


THE  POSSIBILITY  FOR  THE  SPREAD  Of  RADUTIOM  OVER  A 
SHIP  tflTH  AN  NPP  AND  METHODS  OP  OOMBAT- 

TIHO  IT 


Th«  radiation  anvlMasant  on  a  ohlp  with  an  MPP  both 
undar  eondltlona  of  noraal  asploltatlon  [ata  no to]  and  In  an 
aKartanoTt  dapandi  prlaarlXy  on  tha  typo  of  raaotora  etaoaan. 
Zndaadf  both  foma  of  radiation  daaffor  ••  lonlalng  radiation 
and  radioaotlra  oontaalnatlon  ara  tha  raault  of  phpaloal 
procaaaat  In  tha  aotlra  aona  of  raaotora  which  also  load  to 
tha  aotlTatlon  of  the  haat  tranafar  agent,  l,a,,  tha  apraad 
of  radioactivity  beyond  the  aotlva  cone  ahlaldlng,  Tha  baaio 
eauaaa  of  haat  tranafar  agent  aetlvatlon  ara,  aa  la  known, 
the  procaaa  of  neutron  abaorptlon  by  tha  agent,  tha  aetlvatlon 
of  tha  area Ion  and  oorrealon  of  natal  parta  In  tha  prlnary 
techno  logical  loop,  and  In  anarganoy  eondltlona  ••  tha  anar** 
ganea  of  hl§hly«radloaetlva  flaalon  fragnanta  through  oravl* 
oaa  in  tha  heating  aleaanta.  For  axaaplo,  raaotora  with  water 
aa  tha  heat  tranafar  agent  produce  Induead  activity  ••  rela* 
tlvaly  rigid  gaam radiation  (with  an  energy  of  about  7  nav) 
due  to  active  nitrogen  according  to  tha  0^^  (n,p)N‘6  with  a 
half«llfa  of  7.35  aac,  Raaotora  with  a  metallic  haat  tranafar 
agent,  e.g.  aodlun,  produce  tha  baaio  Induead  radioactivity 
due  to  aetlvo  aodlun  according  to  tha  reaction  Na^'(n,  Y 
This  iaetopa  is  eharaotarisad  by  weaker  ganna  rayo,  but  with 
a  long  half-llfa,  equal  to  14.8  houra.  Finally,  raaetere  with 
an  organic  heat  tranafar  agent  ara  oharaetarlaad  by  a  low  Induced 
gamma  activity,  Kanoe  wa  tea  that  with  equal  reactor  power, 
tha  ‘shloknaaa  of  shielding  will  differ  In  every  oaaa,  Radloao* 
tive  eontanlnatlona  and  their  qunatlty  in  the  event  of  a 
breaking  of  tha  hematic  seal  of  tha  primary  loop,  and  thara« 
for  pmvantlon  and  control  matheda,  also  differ,  [Kotai 
Nornuil  NP?  exploitation  la  maintained  provided  the  prlnary 
taohnologloal  loop  and  tha  ahalls  of  tha  heating  olananta 
art  harmatieally  aaalad]. 

In  addition,  tha  radioactive  environment  aboard  ohlp 
depends  on  tha  design  aolutlen  of  tha  entire  complex  of  NPP 
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tquipment  and  the  auxiliary  apparatus,  including  its  plaos* 
ment  aboard  the  vessel.  Actually,  in  the  case  of  a  water- 
water  reactor,  in  the  oase  of  a  mjor  easarfenoy  we  oaa  haws 
a  oontaminatlon  of  the  steaa  in  the  stooadary  loop,  sdiiob 
creates  a  radlutlon  danger  in  the  usual  servioe  ooppartasatt . 

For  a  reaotor  with  an  orgaaio  heat  transfer  agent, 
such  a  danger  is  auoh  less  aoute,  which  nakes  possible  a 
slupler  solution  to  the  general  probleas  of  M?P  plaoenent  la 
ship  compartaeats. 

We  oan  assuae  that  eaergeaeiee  ia  the  oase  of  reaeters 
Kith  metallic  heat  transfer  agents  will  be  signifleaatly  aere 
dangerous  froa  the  standpoint  of  radioaetiTity.  This,  ia 
particular,  was  confiraed  by  teats  of  the  US  nuclear  subaariaes. 

Thus,  in  the  solution  of  probleas  of  assuring  radiation 
safety  aboard  shlpa  with  nuclear  plants,  the  approxiaats  spec¬ 
tral  composition  of  radioactive  isotopes  in  the  priaary  loop 
is  deterained  in  advanoe  on  the  basis  of  the  type  of  reaotor 
selected.  This  determination  must  be  aade  with  due  regard  to 
both  noraal  exploitation  and  eaergenoy  regiaaa.  Purthor,  on 
the  beeie  of  the  actual  design  of  the  chip,  a  detoralnation  ia 
made  of  the  posaible  ways  of  propagation  of  penetrating  radia¬ 
tion  and  radloaotivo  aubatanoea  into  the  living  and  aervloe 
compartaente.  Then,  measures  are  inoorporated  to  prevent. thia 
spread;  this  may  involve  a  radioal  altaration  of  the  plan 
of  the  ahip  and  its  equipaant  and  sjreteaa. 

At  the  present  tiae,  no  fira  ohoioo  hae  yet  been  aede 
as  to  the  types  of  reaotore  whioh  bast  eatiefy  the  oondltioas 
laposed  on  ship  reeotore  —  eoenoay  of  oporation,  ainiaal 
sise  and  weight,  eiaplioity  of  design,  and  ability  to  oparate 
eatisfactorily  in  rough  water  end  et  verieue  tilt  englee  with 
abeolute  reliability  and  safety. 

On  the  baelp  of  published  doasetie  sad  foreign  aeterials, 
it  is  nevertiieless  possible  to  cenelude  thst  auolear  ship  design 
will  continue  to  be  besed  for  eoae  time  to  oome  on  heterogenous 
slow-neutroa  reaotore  with  besting  elomeate  of  natural  and 
allsrhtly  enriched  uranium,  cooled  by  water  under  pressure* 

It  is  known  that  work  is  being  done  ea  oe*oelled 
"boiling  reaotore",  l.e.,  reaotore  ia  whioh  the  eteem  going 
into  the  turbine  ie  formed  direotly  ia  the  active  tone, 
reactors  with  an  organic  heat  transfer  agent,  as  well  as 
gas-cooled  reaotore.  The  use  of  boiling-water  reeotore  will 
be  poaelble  in  praetioe  only  of ter  the  development  of  e 
fully-automated  turbine,  iaeemuoh  ae  it  is  fed  with  active 
steam,  and  must  therefore  be  located  within  the  rigid-regime 
zone  [Note:  For  a  definition  of  the  so-ealled  rigid-regime 
zone  on  nuclear  ehlpe  see  p  t27],  as  well  ee  after  the  develop¬ 
ment  of  a  reliable  seperetioa  system  whioh  would  prevent  the 
entry  of  nuclear  fission  fragments  Into  the  turbine  along  with 
the  steam. 
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It  ihould  b«  Mid  furthtr  that  la  atudylag  the 
poaelblllty  of  the  epread  of  radloaetlvlty  over  aa  XPP  ehlp, 

It  la  aeotiaary  to  take  lato  aeoeuat  the  radiation  daagar 
vhleh  arlaea  aa  a  reaalt  of  the  appaaraaee  of  liquid  waatea 
la  the  praoaaa  of  daeatlvatlea  of  eoapartaeata ,  equlpMat, 
apaolal  olothlag  and  ahoaa,  and  the  bathlag  of  peroeaaaX 
eervlolag  aad  opexatlag  the  Wn»  Liquid  radloaotlve  iraatea 
are  praaaat  aot  oaly  uadar  eoadltloaa  of  eaertenoy  IPP 
operatloa»  but  alao  la  the  eouraa  of  aoraal  ezpXoltatloa, 
vhlob  iakde  aooaaaary  tho  ooXXootloa  aad  drainage  of  evoa 
a  eaaXX  leak*  aa  ireXX  aa  vaahdova  doaotlvatloa.  The  dlfferoaoe 
ooaalata  aoXeXy  la  the  fact  that  uadar  noraaX  SPP  opera tlag 
ooadltloaot  the  vaahdoim  water  la  Xaaa  la  voXuae  and  of 
laolgnlf leant  radieaetlvlty» 

Seaetlvatlon  water  oan  roauXt  la  a  radiation;  thla 
aunt  be  taken  lata  oonaideratloa  la  pXaaalag* 
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To  aaaure  radiation  aafety  to  the  peraonaeX  of  a 
nuoXear  veaaeX,  the  following  baale  requlreaoata  auat  be 

aett 

1 .  The  level  of  Irradiation  la  oeaataatly*lnhabltad 
ooapartaente  auat  be  eloae  to  the  aoraal  background  (due  to 
ooaalo  rave  and  aoraal  radloaotlve  eleaoata). 

2.  Under  any  eoadltloaa ,  tho  entry  of  radloaotlvlty 
Into  the  air  of  llvlag  aad  eorvloe  ooapartaoata ,  aa  well  aa 
their  ooataalnatloa  with  radioactive  aubataaooe  over  porala* 
alble  levele  auat  be  exoluded.  for  thla  purvoae*  la  plaanlag 
aa  KPP  veeael.  all  apaoea  expoaed  to  radiation  danger  aust 
be  grouped  In  a  alagle  laolated  block.  Aoebaa  to  the  block 
la  to  be  provided  only  by  a  apeolal  look  equipped  with 
doaotlvatloa  aad  aoal taring  equlpaeat. 

3.  The  baaio  and  eaergoaoy  HP?  ooiatrola  auat  bo 
autoadted  to  the  fulleat  poaalbla  extent  la  order  to  obviate 
the  neoeaalty  of  prolonMd  preaeaoe  of  poraonnel  la  the  reaotor 
oublolea  la  the  event  of  HPP  nalfuaetloa. 

Let  ue  oonelder  In  greater  detail  the  queotloa  of 
the  prlaary  aouroee  of  lonlalag  radiation  and  the  epread 
of  radloaotlve  aaterlala  over  a  Veaael  with  a  hoterogoaaeua 
reaotor  with  water  under  proaaure  (aee  Pig  10).  The  heat 
traaafar  agent  In  thla  plant  la  bldlatlllRd  water  under  a 
ooaataat  preaauro  of  about  200  ataoapherab.  All  of  the 
prlaary  eleaeata  —  reaotor  P*  prlaary  heat  tranafor  agent 
puap  4H,  heat  exohanger  TO.  and  ether  etruoturoa.  are  enoloaod 

In  the  oloaed  radiation  (blelogloal)  ehloldlag  contour  03  • 

The  aeoondary  teohaologloal  loop  provldoa  ateaa  to  the  power 


72 


Instailatlono  aboard  ship,  and  under  normal  NPP  conditions  Is 
noc>radloactlva.  The  third  loop  (not  shown  In  Fig  10)  provides 
heat  for  drinking  and  washing  water,  alr-oonditloaing,  eto* 

The  presence  of  the  prleary  and  secondary  loops  Is  intended  to 
prevent  the  spread  of  radioactivity  and  ionising  radiation 
beyond  the  shieldin'^;  and  the  reactor  cuhlole  as  a  whole  under 
all  conditions  of  NPP  operation. 

The  primary  sources  of  penetrating  radiation  are, 
as  already  mentioned,  the  elements  of  the  primary  NPP  loop, 
including;  reactors,  steam  generators,  olroulatlon  pumps, 
primary-loop  pipes  and  all  related  etrueturee. 

The  primary  aouroee  of  gas  and  aerosol  oontamlnatlon 
are  all  of  the  struotural  crevices  in  the  complex  of  the 
primary  teclmologleal  loop. 

Let  us  consider  In  detail  the  problem  of  radiation 
safety  under  conditions  of  normal  NPP  exploitation,  as  well 
as  under  emergency  conditions. 

The  Radlatijm  Bnviroment  U^er  QQn^ione.Qf 
Normal  NPP  Operation  and  Exploitation 

By  normal  NPP  operation  we  mean  operation  under  eon- 
dltlons  of  full  hennetlc  seal  of  the  primary  teohnologleal 
loop.  The  moat  Important  and  slgnlf leant  link  from  the  stand¬ 
point  of  radiation  safety  are  the  heating  elements,  or, 
more  precelsely,  their  metallic  shells  which  are  usually 
made  of  aluminum,  stainless  steel,  or  elreonlum.  With  heating 
elements  in  good  condition,  the  activity  of  the  heat  transfer 
a»»ent  which  In  general  determines  the  radioactive  state  of 
the  NPP  (not  including  the  reactor  considered  separately) 
depends  on  two  basic  factors:  the  induced  nitrogen  activity 
with  Its  low  half-life  which  Is  dangerous  only  when  the 
reactor  is  operating,  and  the  active  products  of  metal 
corrosion  in  the  primary  loop. 

Hence  It  follows  that  the  raclatlon  danger  Is  deter¬ 
mined  by  the  total  gamiaa radiation  due  to  induced  activity  and 
the  activity  of  corrosion  products.  The  basic  portion  of  the 
total  gamma  activity  la  made  up  of  the  Induced  activity, 
equal  to  about  0.2  eurles/llter  according  to  the  data  of  the 
Icebreaker  "Lenin”.  The  specific  activity  of  corrosion  pro¬ 
ducts  In  the  equilibrium  state  reaches  10"^  euriea/llter,  i.e., 
a  total  of  about  0.1)^.  It  must  be  remembered,  however,  that 
the  half-life  of  the  corrosion  products  Is  significantly 
higher  than  that  of  the  isotopes  of  Induced  water  radioactivity. 
As  a  result,  the  cold-reactor  heat  transfer  agent  retains  this 
activity.  These  half-lives' are j  27.8  days  for  chromium,  46 
days  for  Iron,  etc.  (as  the  components  of  stainless  steel). 

It  must  he  added  that  even  under  normal  conditions 
the  heat  transfer  agent  is  found  to  contain  radioactive  cases i 
xenon,  krypton,  and  iodine.  This  oan  be  explained  by  the 
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deoaj  of  nuclear  fuel  traoea  on  the  heatlng-eltBent  aurfaoet 
which  are  unalroldable  with  modem  meana  of  producing  the 
latter  and  the  preaenoe  of  the  ao*oalled  gaa  perMahilltjr  of 
the  heating  eleaeat  ehella  —  nloreorevloaa  irtiioh  oannot  he 
viaually  detected.  With  a  hemetioally-aealed  priaarx  loop« 
this  inslgnlfloant  gaa  aotlritXt  aa  well  aa  the  aotlwitx  of 
corroalon  produota,  oreatea  no  radiation  danger  direotly. 

Also  non-dangeroua  are  the  alpha  partlolea  from  the  nuolear 
fuel,  Inaaauoh  aa  they  are  praetieally  localized  within  the 
active  zone. 

With  a  normal  reactor  regime »  it  ia  poaaihle  to  aaaure 
radiation  aafety  alao  with  reapeot  to  nautron  eaiailon  with 
ita  high  penetrating  power.  The  active  reactor  zone  ia  aur« 
rounded  with  speoial  radiation  ahlelding  and  neutron  refleotora 
which  actually  prevent  the  eaergenoe  of  the  neutron  atraa 
beyond  the  reactor  above  permiaaible  levela.  With  the  aid 
of  adequate  continuity  of  ahlelding,  oonditiona  are  created 
which  permit  only  an  Inalgnifloant  portion  of  the  neutron 
stream  to  leave  Ita  confines;  this  residual  portion  ia  eaaily 
controlled  with  the  aid  of  stationary  neutron  dosimetera  and 
does  not  make  for  any  radiation  danger  in  the  continuoualy- 
serviced  ship  compartments.  An  aoeidental  emergence  of  neutrons 
can  take  place  only  In  the  direction  of  weak  pointe  in  the 
neutron  shielding,  which  on  ships  are  oriented  toward  the  non- 
serviced  compartments,  e.g.,  the  aub-reaotor  coapartaenta , 
cisterns,  etc. 

The  radiation  danger  from  gaaaa  radiation  is  liquid- 
ated  by  enclosing  the  reactor  with  the  dntlre  primary-loop 
complex  in  a  closed  radiation  (biological)  shielding  systea 
calculated  to  prevent  the  gamma  radiation  level  froa  exoeediag 
maximum-permissible  values  beyond  its  oonfinee.  In  the  event 
sewage  tanka  for  storing  radioactive  wastes  of  differing  ori¬ 
gin  are  located  beyond  the  shielding  system,  they  must  be 
provided  with  reliable  shielding  of  their  own,  calculated 
for  maxlmum-poa Bible  total  gamma  activity  of  the  wastes 
assuming  that  the  tank  la  filled  all  the  way  to  the  top. 

After  the  NPP  reactors  are  brought  up  to  full  power, 
a  check  is  made  of  shielding  effectlveneea  with  reapeot  to 
penetrating  radiation,  and  time  limits  are  Introduced  for  the 
presence  of  personnel  in  dangerous  zones. 

It  is  necessary  to  consider  separately  the  problea 
of  gas  and  aerosol  beta  activity.  The  fact  ia  that  with 
normal  primary-loop  operation,  there  Is  nevertheless  some 
leakage  of  normal  bidistillate  from  the  unavoidable  orevioes 
In  the  primary-loop  joints,  which  lead  to  the  formation  of 
beta-active  aerosols  in  tha  air  of  the  raaotor  oublcle.  The 
available  experience  and  caloulationa  ( Including  that  froa 
the  "Lenin”)  indicate  that  even  If  leakage  la  at  tha  impro¬ 
bable  rate  of  several  tans  of  lltera  per  hour,  the  activity 
of  the  air  in  the  oubiole  equipped  with  the  appropriate 
ventilation  will  not  exoeed  I0“i2  ourlea/liter.  Thle  eorree- 
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ponds  to  about  3-5  times  the  maximum  permissible  concentration 
(MFC)  of  active  corrosion  products  constituting  the  basic 
heat  transfer  agent  activity  under  normal  conditions  (for 
stainless  steel  from  which  the  primary-loop  components  are 
usually  made,  are  chromium,  manganese.  Iron,  nlokel,  and 
other  Isotopes }• 

Actually,  the  true  heat  transfer  agent  leakage  Is 
on  the  order  of  fractions  of  a  liter  per  hour,  since  the 
lack  of  a  proper  seal  Is  mainly  the  result  of  local  thermal 
weakeninfi;  of  joints  In  the  primary  loop  upon  radical  changes 
In  reactor  operation  regimes.  This  leakage  can  be  controlled 
with  the  aid  of  dosimetric  devices.  In  the  presence  of 
a  broken  seal  In  the  radiation  shielding,  this  small  quantity 
of  aerosol  activity  can  nevertheless  emerge  Into  the  neighbor¬ 
ing  inhabited  compartments  of  the  ship.  But  even  low  gas  and 
aerosol  activity  as  a  result  of  the  accumulation  can  be  of 
some  danger.  Hence  It  la  necessary  to  maintain  careful  dosimet¬ 
ric  surveillance  and  localization  of  this  activity  In  the 
limits  of  the  reactor  cubicle,  and  moreover,  within  the  limits 
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aerosol  activity  will  be  treated  below. 

Summarizing  the  present  treatment  of  the  radiation 
environment  aboard  a  nuclear  vessel  with  normal  NFP  operation, 
we  can  draw  the  following  Important  conclusions: 

1  )  penetz^tlng  radiation  —  gamma  ravs  and  neutrons 
—  are  not  excessively  dangerous  beyond  the  limits  of  the 
shielding  if  It  Is  well-designed.  Service  personnel  oan 
remain  In  a  niunber  of  reactor  compartments  for  limited  periods 
established  by  the  radiation  monitoring  service; 

2)  gaseous  radioactive  materials  formed  with  small 
leakages  from  the  reactor  compartment  despite  adequate 
shielding  do  not  result  in  a  radiation  danger  beyondthe 
compartment;  the  latter  can  be  enetered  for  limited  periods. 
The  necessity  of  employing  special  pneumatic  suits  is  like¬ 
wise  specified  by  the  dosimetry  service. 
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Matters  are  considerably  more  complex  when  It  comes 
to  NFP  operation  under  emergency  conditions,  l.e.,  when 
large  qtuintltles  of  fission  fragments  entering  with  the 
heat  transfer  agent  from  the  primary  loop  into  the  steam  of 
the  secondary  loop  or  the  air  of  the  reactor  eubiole  con¬ 
taminate  the  latter.  The  possible  reasons  for  the  emergence 
of  radioactivity  beyond  the  limits  of  the  primary  loop  are 
as  follows : 

a)  Imperfect  gas  seals  (mlcrocrevlces)  in  the  heating 
element  shells; 

b)  major  damage  (burnout,  rupture)  of  the  heating 
element  shells; 
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c)  breakage  of  hermetic  seal  of  steam  generators 
(heat  exchangers  between  first  and  second  loops); 

d)  breakage  of  hermetlo  seal  at  joints  of  pritsary 
loop  or  the  piping,  fixtures,  etc. 

Gas  leakage  was  discussed  above. 

Before  considering  the  remaining  cases  of  disruption 
of  primary-loop  hermetic  seals,  It  would  be  advisable  to 
briefly  Indicate  their  common  oause  —  the  phenomenon  of 
intensified  corrosion  of  inner  metal  surfaces  of  primary- 
loop  structures.  The  fact,  is  that  water  breaks  up  into 
hydrogen  and  oxygen  Ions  under  the  action  of  radiation  in 
the  reactor.  There  takes  place  a  chemical  reaction  involving 
their  combination  with  the  radioactive  nitrogen  resulting 
from  the  nuclear  reaction  0'S(n,p)N'^,  to  form  nitric  acid. 

As  a  result,  conditions  conducive  to  increased  oorrcslon  are 
created , 

The  rate  of  corrosion  in  the  primary  loop  has  not 
as  yet  been  calculated  precisely*  It  depends  on  many  factors 
Including  the  chemical  activity  of  the  heat  transfer  agent,  * 
and  temperature  and  pressure  in  the  primary  loop*,  as  well 
as  the  quality  of  metal  of  primary-loop  otruoturea  and  the 
treatment  of  Inner  surfaces,  physical  characteristics  of 
the  active  reactor  zone,  etc.  In  time,  the  specific  activity 
of  the  corrosion  products  in  the  beat  transfer  agent  rises 
to  a  definite  limit  correspond in/»  to  the  attainment  of  an 
equilibrium  state  between  the  newly-appearing  activity  and 
the  radioactive  components  which  decay  rather  rapidly. 

To  lower  the  level  of  active  contamination  of  the 
primary  heat  transfer  agent,  ion-exchange  filters  are  used; 
these  are  special  devices  filled  with  sorbents  (materials 
capable  of  retarding  any  ions,  including  radioactive  ieotope 
ions).  Such  substances  are  in  particular  certain  organic 
resins.  The  operation  of  an  ion-exchange  filter  is  based  on 
the  fact  that  the  atoms  of  radioactive  isotopes  in  the  pri¬ 
mary  loop  always  carry  an  electrical  charge. 

These  ions  chemically  remove  from  the  resins  those 
ions  which  are  noet  weakly  bound,  replacing  them  in  the  reslr. 
structure.  Ion-exchange  filters  are  usually  used  for  the 
continuous  purification  of  the  heat  transfer  agent  to  remove 
the  corrosion  products  from  the  primary  loop.  They  can  like¬ 
wise  be  employed  in  any  ship  system  for  the  purification  of 
technical  water  and  for  deactivation  and  waste  waters. 

Ion-exchange  filters  are  usually  installed  in  the 
bynasa  to  the  primary-loop  pipes.  This  makes  possible  ,the 
limitation  of  the  accumulation  of  corrosive  products  and 
the  substantial  lowering,  of  their  specific  aotivity  in  the 
heat  transfer  agent,  thereby  Impraving  the  radiation  environ¬ 
ment  in  general. 
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Damage  to  the  heating  element  shells  leads  to  direct 
contact  of  the  heat  transfer  agent  vrlth  the  uranium.  Uranium 
Is  Itself  chemically  active,  and  Is  oxidized  by  hot  irater, 
becoaiing  a  powder.  Expanding  hygroscopleally,  the  powder 
Increasee  the  size  of  the  fissure  and  enters  the  heat  transfer 
agent  directly.  The  concentration  of  radioactive  fragments 
In  the  latter  In  this  case  can  reach  very  high  levels  —  tens 
of  curies  per  liter.  This  renders  further  refiotor  operation 
Imccsslble,  since  the  radioactivity  spreads  quits  rapidly 
ovijr  the  entire  volume  of  the  primary  loop.  Hence  we  see  how  Im¬ 
portant  the  proper  design  of  heating  elements  shells  can  be. 

If  the  remaining  shells  remain  hermetically  sealed,  the  emer¬ 
gence  of  fragment  activity  into  the  heat  transfer  agent  will 
lead  only  to  ah  Increase  In  the  radiation  level  In  the  primary 
loop.  This  can  be  allowed  for  In  advance  In  the  calculation 
of  shielding  or  compensated  by  an  Increase  In  the  thickness 
of  biological  shielding  In  this  phase.  However,  the  case  of 
smai:.  primary-loop  leakage  oan  lead  to  a  basically  dangerous 
emsrgence  of  radioactivity  In  the  air  of  reactor  compartments. 
Precisely  for  this  reason,  It  Is  necessary  to  have  continuous 
control  of  heat  transfer  agent  activity  In  the  primary  loop 
so  an  to  make  possible  the  Immediate  shutdown  of  the  malfunction¬ 
ing  reactor. 

The  breakage  of  the  steam  generator  seal  which  leads 
to  the  emergence  of  radioactivity  from  the  primary  loon  Into 
the  uecondary-loop  steam  le  the  most  dangerous  of  all  pos¬ 
sibilities  If  It  involves  the  emergenoe  Into  the  heat  transfer 
agent  of  fragment  activity  from  the  damaged  heating  elements. 

Then  the  faulty  steam  generator  and  plumbing  must  be  shut  off 
Immediately;  the  probability  of  such  accidents  is  not  high 
however. 

There  are  several  means  of  maintaining  sound  steam 
generator  operation.  It  Is  possible  to  control  the  seal  of 
each  steam  geneirator  by  means  of  a  beta-dosimeter  according 
to  the  activity  of  steam  In  the  secondary  loop.  With  proper 
generator  operation,  gas  activity  will  not  be  registered  in 
the  5 team.  In  case  of  eruption  of  the  heat  transfer  agent 
in*.c  the  secondary  loop  through  a  faulty  generator,  the 
seneLtlve  gas  radiometer  will  register  a  certain  Insignificant 
gas  activity.  In  practice,  it  Is  always  present  in  the  primary 
loop,  even  with  completely  sound  heating  elements  due  to  the 
presence  of  uranium  traces  on  the  outer  surface  of  the  shells. 
This  Is  an  unavoidable  consequence  of  their  manufacture  at  ^ 
the  factory  (experience  shows  that  there  Is  always  about  10"®- 
*7  2 

10“''g  of  uranium  per  cm  of  surface  area).  The  most  dangerous 
cap:e  iswhenas  a  result  of  a  faulty  primary-loop  seal  there 
la  s.  leak  directly  Into  the  reactor  compartment  and  through  the 
stesm  generators  into  the  secondary-loop  steam. 
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The  evaporatlnp:  heat  transi’er  apent  contamlnatec 
the  rep:. tor  compartment  air.  ?or  this  reason,  control  of  the 
air  Is  Uoualiy  conducted  In  compartmente  which  are  most  dan- 
scerouB  from  tne  standpoint  of  the  emerKenee  of  activity. 

In  particular,  such  compartments  are  these  in  which  all  of 
the  automatic  reaetor  control  equipment  la  installed,  Inasmuch 
as  It  Is  here  that  most  of  the  reactor  outputs  are  located. 

The  task  consists  In  being  able  to  register  the  specific 
activity  of  the  air  as  a  result  of  leaks  less  than  the 
averaf^e  MPC.  equal  to  about  lO'*^  curlcs/llter.  Upon  emergence 
of  the  active  heat  transfer  agent  Into  the  steam  of  the 
second  loop,  when  the  activity  Is  largely  due  to  radioactive 
Isotopes  of  the  noble  gases  (xenon  and  krypton)  and  Iodine, 

It  is  found  convenient  to  maintain  control  by  measuring  the 
activity  of  the  steaa-alr  mixture  of  the  turboaggremte  con¬ 
densers  operating  on  the  secondary-loop  steam.  Here  It  is 
possible  to  monitor  even  a  small  leak  of  a  fraction  of  a 
ieter  per  hour,  which  Increases  the  activity  of  secondary- 
loop  steam  to  a  level  on  the  order  of  iO-c  curle/llter. 

The  usual  leakage  Into  the  compar+ment  air  Is  ^  .5-2^  on  the 
average  of  the  steam  o^put  of  the  installation;  this  gives 
an  average  value  of  curle/llter,  taking  dilution 

into  account.  This  Is  considerably  lower  than  the  corresponding 
MPC.  Consequently,  in  the  presence  of  proper  dosimetric 
control,  even  with  a  coincidence  of  heating-element  and 
steam  generator  malfunctions.  It  Is  possible  to  prevent  the 
MPC  In  the  air  of  service  compartments  from  being  exceeded 
by  shutting  down  the  malfunctioning  steam  generator, 

Cas  beta  radiometers  are  used  for  controlling  the 
air  and  the  steam-air  mixture;  their  pickups  are  installed 
in  the  ventilation  ducts  of  all  types. 

As  a  result  of  the  examination  of  the  radiation 
environment  under  conditions  of  emergency  operation.  It  Is 
possible  to  conclude  that: 

a)  breakage  of  the  heating  element  shell  seals  leads 

in  Itself  to  a  sharp  and  lingering  increase  In  the  heat  transfer 
a(7ent  activity  and  higher  activity  of  air  In  the  reactor  com¬ 
partments;  however,  there  is  no  direct  danger  to  the  operating 
personnel  beyond  the  confines  of  the  radiation  shielding. 

There  is  a  pre-emergency  state  when  It  la  necessary  to  diagnose 
the  malfunctioning  reactor  and  not  permit  Its  prolonged  ex¬ 
ploitation; 

b)  the  most  serious  ease  Involves  the  emergence  of 
fission  fragments  Into  the  usually  Inactive  steam  of  the 
secondary  loop.  This  leads  to  their  appeamaoe  In  the  air 
of  the  regular  service  compartments,  as  well  as  an  Increase 
In  the  mamma  radiation  dosage  beyond  the  limits  of  radiation 
shielding.  In  this  case,  dosimetric  monitors  must  rapidly 
ascertain  the  presence  of  an  emergency,  determining  the  mal¬ 
functioning  steam  generator  and  making  possible  Its  Immediate 
shutdown.  The  VPO  will  not  be  exceeded  if  the  trouble  Is 
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noted  Ir  The  likelihood  of  such  a  simultaneous  break¬ 

down  of  \A\f^  heating  elements  and  steam  generator  le  not 
great.  In  principle,  however,  it  can  occur,  and  must  be  taken 
into  account  in  advance; 

c)  particularly  important  ia  the  insulation  of  the 
entire  complex  of  compartments  in  the  reactor  section  from 
the  other  ship  compartments.  This  cen  be  achieved  by  the 
full  hermetic  sealing  of  the  radiation  shielding,  the  outer 
contour  of  the  entire  reactor  section,  ae  well  as  the 
ventilation  ducts  leading  from  it,  with  the  exception  of 
their  outside  vents. 

Radioactive  Washdown  and  Deactivation  Waters 

During  the  operation  of  an  lIPP  vessel,  there  le  an 
unavoidable  accumulation  of  radioactive  wastes,  which 
requires  special  means  of  collecting,  controlling,  and 
retaining  them  until  further  processing.  All  radioactive 
waters  temporarily  collected  on  nuclear  vessels  fall  into  the 
following  categories; 

a)  waters  of  high  specific  activity  —  the  heat 
transfer  agent  of  the  primary  loop  and  various  undiluted 
leakages  therefrom. 

b  )  waters  of  low  specific  activity  formed  as  a 
result  cf  the  deactivation  of  compartments,  equipment, 
clothing,  and  personnel. 

High-  and  low-activity  waters  must  be  kept  in 
separate  vessels,  which  facilitates  their  treatment  and 
removal  from  the  ship. 

The  specific  activity  of  sewage  and  washdown  waters 
is  as  a  rule  determined  by  the  radioactive  Isotopes  with 
long  half-lives, 

Klghly-actlve  water,  upon  exploitation  of  NPP  with 
hermetically-sealed  heating  elements  has  a  specific  activity 
which  usually  does  not  exceed  lO**2-io"5  curle/liter,  Weakly- 
acUve  water,  with  a  specific  activity  not  exceeding  10“5- 
I0“o  curles/llter  can  be  diluted  with  sea  water  down  to  10“9 
curle/liter  and  dumped  overboard  with  the  proper  precautions. 

In  practice,  a  leakage  of  1  liter  in  several  hours,  cons¬ 
tituting  0,01^  of  the  average  volume  of  the  primary  loop 
of  10  m3  capacity  is  quite  realistic.  Taking  the  least  spe¬ 
cific  activity  of  the  waehed-dowu  and  drained  leakage  equal 

to  10“^  curle/liter,  and  taking  Into  account  the  required  dilut¬ 
ion  down  to  10-9  curle/liter,  we  already  have  10  tone  of 
weekly-active  water.  Usually  before  active  waters  are  piped 
into  the  ship's  tanks  they  are  filtered-  through  Ion-exchange 
filters,  which  lowere  the  epeolflc  activity  several  orders. 
[Note;  According  to  the  sanitary  regulations  of  1957,  the. 
figure  of  10-9  ourles/liter  le  the  MPC  of  otrontlum»90  In 
drinking  water]. 
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For  collectlnr  radioactive  waters  temporarily, 
nuclear  vessels  must  be  equipped  with  special  storage  and 
drainage  tanks  and  drainage  systems  with  the  necessary 
pumps,  pipes,  and  fixtures.  Tanks  for  hlghly-actlve  water 
must  be  enclosed  in  shielding.  Weakly-radioactive  water 
tanks  need  not  be  shielded.  All  active  waters  can  be  a  source 
for  the  spread  of  radiation  over  the  ship.  For  this  reason, 

■  ;=nKs  lor  the  collection  of  water,  as  well  as  the  piping, 
puroos,  and  fixtures  must  be  herTr.etlcally  sealed  and  have 
t'lfi  shortest  possible  length  with  a  minimum  number  of  iolnts, 
ihf*  dnlnage  piping  must  not  pass  through  living  or  service 
compartments.  This  is  not  difficult  to  realize  in  practice, 
inasmuch  as  they  are  usually  localized  in  the  reactor  sectors. 


Figure  ^O.  lichematlc  diagram  of  piping  and  pickups  for 
measuring  specific  water  activity.  1  —  widening  of  pipeline 
(counting  space  );2  —  filter;  ?  —  radiometer  pickup;  4  — 
shielding  screen. 

i'hs  necessity  of  constructing  shielding  from  gamma 
radl.'ition  from  liquid  wastes  os  determined  by  calculation 
for  r-ach  specific  case  on  the  basis  of  the  maximum  possible 
Initial  activity.  The  drainage  tanks  must  be  removed  as  far 
as  possible  from  the  living  quarters;  they  are  best  located 
in  tne  space  between  bottoms  under  the  reactor  section. 

The  activity  of  drainage  and  deactivation  waters  Is 
determined  accord  In?-  to  their  gamma  radiation,  Inasmuch  as 
in  a  number  of  practlcally-slgnlficsnt  cases  the  ratio  bet¬ 
ween  gamma  arc'  beta  radiation  Is  more  or  less  constant. 

The  gamma  dosimeter  pickups  should  be  Installed  before  and 
after  the  Ion-exchange  filters  In  special  wide  spaces  in 
the  piping  (Fir  30)  which  are  the  counting  spaces.  Such  a 
steup  makes  it  possible.  In  addition  to  measuring  the  water 
activity,  to  control  the  effectiveness  of  the  filter  itself. 
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In  the  presence  of  significant  gaouna  backgrounds, 
the  pickup  is  usually  enclosed  in  a  special  lead  or  steel 
screen  whose  thickness  is  caleulated  depending  on  the 
strength  of  the  background  and  measured  gamma  radiation. 

17. 


In  planning  and  constructing  stationary  land  nuclear 
Installations,  it  is  no  trouble  to  isolate  the  reactor  and 
auxiliary  facilities  capable  of  being  contaminated  with 
radioactive  materials.  They  oan  be  built  in  separate  blocks 
which  are  fully  Isolated  from  the  living  and  service  quarters. 

It  is  much  more  difficult  to  do  this  in  designing  a  nuclear 
vessel. 

A  ship,  especially  a  large  one,  is  a  complex  engineer* 
Ing  structure,  and  its  overall  structure  is  subject  to  speci¬ 
fic,  purely  marine,  requirements  which  may  come  into  contradic¬ 
tion  with  the  requirements  of  radiation  safety  stemming  from 
the  presence  of  a  nuclear  plant.  But  it  is  obvious  that  und,er 
all  ccnditions  the  arrangement  of  compartments  in  a  nuclear 
vesael  must  aeeure  that  the  p<“rsordif;l  In  sections 

where  the  level  of  total  radiation  emitted  by  the  !<??  Is  close 
to  norms!  background.  In  the  watch  areas,  the  radiation  level 
much  be  such  that  the  total  dose  per  watch  does  not  exceed  the 
maximum  value,  l.e.,  0.005  reb  or  0.1  of  the  maximum  permis¬ 
sible  dose  of  occupational  Irradiation,  The  possible  concent¬ 
rations  of  radioactive  cases  and  aerosols  In  living  and  service 
compartments  must  not  as  a  rule  exceed  the  appropriate  KPC. 

In  planning  radiation  protection.  It  should  always  be  borne 
In  mind  that  the  development  of  biophysics  and  biochemistry 
confirms  the  tendency  toward  the  constant  lowering  of  maximum 
perznlaalble  levels  of  irradiation  and  MPC,  Radiation  protec¬ 
tion  must  be  caleulated  with  a  certain  reserve. 

Along  with  the  necessity  for  more  rational  arrangement 
of  radioactlvely  "clean"  and  "dirty"  areas,  it  is  of  great 
importance  to  localize  radioactivity  within  the  reactor  section, 
within  the  confines  of  "dirty"  compartments,  Thio  Is  done  by 
the  hermetic  sealing  of  the  reactor  section  as  a  whole,  the 
sealing  of  individual  dangerous  cubicles,  as  well  as  the 
creation  of  additional  air  pressures  outside,  or  rarefaction 
within,  the  reactor  section. 

The  hermetic  sealing  of  the  entire  N?P  Is  condition- 
classified  as  follows  from  the  design  standpoint: 

a)  primary  technological  loop; 

b)  auxiliary  systems; 

c)  radiation  shielding; 

d)  complex  of  reactor-seotlon  compartments. 
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Hcraatlc  Sealing  of  Pjplmary  TeohnoXogical  Loop 


To  assure  the  best  possible  degree  of  hemetio  seal- 
Inc;  In  all  struotures  constituting  the  primary  loop*  the 
attempt  la  made  to  have  a  minimum  number  of  joints  of  any 
type,  especially  flanged  ones.  The  joints  should  be  mostly 
voided  with  careful  control  over  voiding  quality  and  all 
types  of  reinforcements.  The  methods  of  structural  elements 
and  welding,  as  veil  as  the  testin  g  methods  are  epeolally 
worked  out  vlth  due  regard  for  working  parameters  —  tempera¬ 
ture,  pressure,  and  structural -design  data. 

Increased  attention. to  structural-design  details 
is  due  to  the  complicated  operation  of  primary-loop  struo¬ 
tures  under  rapidly  changing  conditions  as  a  result  of  the 
rapid  variation  of  temperature  fields  during  operations 
Involved  in  the  increase  and  decrease  of  reactor  pover. 

In  particular,  in  vater-vater  reactors,  the  struotures  and 
system  of  the  primary  loop  operate  under  very  difficult 
conditions  —  at  a  pressure  of  about  200  atmospheres  and  a 
temperature  from  300  to  350*0.  During  reactor  operation 
(during  power  regulation),  the  heat  transfer  agent  tempera¬ 
ture  varies  within  the  limits  of  about  100  degrees,  which 
compllcatee  the  conditlone  for  the  operation  of  structures 
still  further.  Particular  attention  is  paid  to  the  design 
of  the  heat  exchangers,  inasmuch  it  is  they  i^ich  can  be 
the  basic  sources  of  serious  radioactlvs  contamination  of 
the  secondary  loop  under  emergency  conditions. 

Hermetic  Sealing  of  Auxiliary  Systems 

Among  the  aiuciliary  systems  are  the  following: 
•rarefaction  of  air  within  the  reactor  section; 
ventilation  of  reactor  section  and  auxiliary  conpart- 
menta  which  may  be  contaminated  with  radioactive  substances; 

drainage  and  circulation  systems  for  the  sewage,  deac¬ 
tivation,  and  washdown  radioactive  waters; 

uystems  for  circulating  the  heat  transfer  agent  in  the 
primary  loop; 

liquid  deactivation  systems,  etc. 

The  importance  of  hermetic  seallnm  from  the  standpoint 
of  maintaining  radiation  safety  of  the  ship  does  not  require 
proof . 

Special  attention  is  also  drawn  here  to  the  execution 
of  ell  of  these  systems  with  the  shortest  possible  length  and 
the  fewest  fixtures  possible  (valves,  spigots,  eto.). 
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hermetic  Sealing  of  Radiation  Shielding 

Radi>^ition  shielding  Is  usually  a  completely  closed 
surface  vhlcb  excludes  the  possibility  of  penetration  of 
radioactive  substances  beyond  its  limits  and  lowers  the 
intensity  of  rays  down  to  the  lowest  possible  levels. 

However,  the  piping  of  all  typos  extending  beyond 
tVi«  shielding  —  steam  pipes  (secondary  loop),  water  and 
auriiiary  piping,  drainage  pipes,  various  ventilation 
ducts,  cables,  mechanical  drive  systems  etc.  —  unavoidably 
disrupt  the  closed  surface,  ereatlng  a  largo  number  of 
crevices  through  which  gases  and  aerosols  can  eseaps.  On 
the  other  hand,  such  weak  spots  can  be  points  of  escape  for 
gs.mire  ray  beams.  The  first  difficulty  can  be  solved  sueoessfully 
by  high-quality  seals  and  maintaining  air  rarefaction 

within  the  biological  shielding.  The  escape  of  gamma  rays 
through  crvlces  can  be  combatted  by  using  non*Btralght  shapes  for 
th»  communication  channels  (Pig  ) .  The  use  of  such  Irregu¬ 
lar  channels  of  zigzag  or  curved  shape  provides  an  adequate 
solution  to  the  problem. 


Flfmi'e  7,^  .  Diagram  of  cable  or  pipe  channels  In  radiation 
8hif;ldin;r- and  shielding  plate  Joints:  a  —  sketch  of  cable 
channel  In  radlcmetrlc  shielding;  b  —  sketch  of  slitless 
pl'ste  JolnlnR  for  radiation  shielding;  i  --  packing;  2  -- 
pipe  or  cable. 


In  practice*  It  le  very  difficult  to  realize  com¬ 
plete  hermetic  sealing  of  radiation  shielding  and  the  entire 
reactor  section.  In  connection  with  this  fact,  the  localiza¬ 
tion  of  radioactive  gaees  and  aerosols  can  he  reliably 
conducted  through  the  creation  of  artificial  air  rarefaction 
within  the. reactor  section  and  the  use  of  special  ventila¬ 
tion  systems  which  eject  the  contaminated  air  after  passing 
it  through  aerosol  filters.  Bare faction  on  the  order  of 
about  50  mm  of  water  Is  already  gulte  suffiolent  for  assuring 
the  impermeability  of  the  reactor  section  by  gases,  even  talcing 
Into  account  possible  gas  diffusion. 

It  is  necessary  to  point  out  once  again  that  the  struc¬ 
tures  of  the  rarefaction  ventilation  system,  l.e.«  the  ventil¬ 
ation  ducts,  ventilators,  and  fixtures  must  be  hermetic  over 
their  entire  extent,  all  the  way  to  the  point  of  air  ejection 
Into  the  outer  atmosphere.  It  Is  advisable  to  oonoentrate  all 
ventilators  serving  the  reaotor  section  in  special  hermetlo 
enclosures,  placing  the  latter  within  the  reactor  section. 

This  measure  is  also  important  In  the  localization  of  pos¬ 
sible  escaping  radioactivity.  The  ejection  of  contaminated 
air  must  be  at  the  greatest  possible  height  In  order  that 
the  required  diffusion  and  lowering  of  final  activity  con¬ 
centration  might  be  assured  even  without  talcing  Into  account 
the  effect  of  wind  and  the  ship's  motion.  In  practice,  a 
height  of  about  20  m  over  the  deck  of  the  ship  is  adequate. 

The  hollow  masts  may  be  used  to  advantage  for  this  purpose. 
There  must  be  constant  remote  control  of  air  rarefaction  In 
the  reactor  section.  This  is  maintained  from  the  dosimetric 
station. 

The  dosimeter  pickups  for  controlling  the  activity 
of  air  Bucket  out  from  the  reactor  section  are  Installed 
before  and  In  front  of  the  aerosol  filters.  This  makes  it 
possible  to  check  on  filter  operation.  >  * 

In  the  event  of  ejection  of  considerable  aerosol 
activity  (under  emergency  conditions)  and- unfavorable 
meteorological  conditions.  It  Is  possible -to  have  euok-ln 
of  the  radioactive  air  Into  the  living  quarters  through  the 
receiving  ducts  of  the  ventilation  system.  Such  a  oase 
is  possible  only  in  the  event  of  a  coincidence  of  a  number 
of  factors,  which  is  generally  rather  Improbable  but  still 
poselbls.  However,  despite  the  fact  that  the  concentration 
of  radioactivity  in  the  Incoming  air  is  lass  than  that 
of  air  ejected  from  the  reactor  section  by  at  leaat  two 
orders  of  magnitude,  the  amount  of  incoming  air  must  be 
strictly  controlled  with  the  aid  of  appropriate  equipment 
for  gas  and  aerosol  control.  The  pickups  are  beet  installed  In 
the  air  intake  vents. 
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Hennetl.o  Se-'tl.lriZ  of  Duots  Leading  From  and  To  the  Reactor 

Seciion 


In  addition  to  tho  spread  of  activity  over  the  ship 
alonp  with  the  air.  It  can  also  cling  to  the  clothing, 
shoes,  and  bodies  of  the  service  personnel  and  carried  out 
In  this  way  from  the  reactor  section.  In  order  to  prevent 
this,  the  exit  from  the  reactor  section  leads  through  a 
special  sanitary  loclrer  and  shower  compartment.  This  block 
must  be  equipped  with  radiometers  to  monitor  the  oleanllneas 
of  bocilsa  anri  clothln;?.,  as  well  as  deactivation  quality. 

Only  upon  total  washing  of  radioactive  matter  from  the  body 
can  the  personnel  leave  the  reactor  section  after  changing 
Into  deal  f'Jotheo  and  receiving  permission  from  a  radiation 
monitor. 

The  control  over  radiation-free  cleanliness  of 
clothlnf’,  shoes,  and  body  must  be  strictly  maintained, 
since  the  detection  and  deactivation  of  radioactivity  once 
it  Is  spread  over  the  ship  is  very  difficult  and  complex, 

'.‘he  deactivation  laundry  facilities  must  also  be 
in  tbp  reactor  section  for  safety  purposes, 

1  .  Formulation  of  the  Problem  of  Removing  Muclear 
Fission  Fragments  from  Nuclear  Vessels' 

L'uc  to  the  long  half-life  and  high  degree  of  activity 
of  certain  fission  fragments,  the  problem  of  their  collection, 
storage,  asJd  removal  from  nuclear  vessels  asRumes  great  Im¬ 
portance,  tn  particular,  to  evaluate  the  decree  of  contamina¬ 
tion  of  the  heat  transfer  egent  In  the  water-water  reactor 
by  such  radioactive  ruaterlals  and  their  half-lives,  It  Is 
possible  to  use  the  Interesting  results  of  radlcchemlcal  and 
radiochemical  enalyees  carried  out  In  the  study  of  the  heat 
transfer  agent  at  the  first  Soviet  atomic  electric  power 
station.  Water  eamples  were  taken  ahead  and  In  front  of  the 
filters  In  the  primary  technological  loop;  these  were  mea¬ 
surer;  for  beta  &ct.l'''-lty .  Then,  with  the  eld  of  a  radiometric 
analynle  of  the  fragment  decay  curves,  a  determination  was  made 
of  the  radioactive  components. 

The  measurements  showed  that  with  undamaged  heating 
element:; ,  the  specific  activity  of  water  fluctuated  about  the 
value  S«i0’"'5  curle/llter  .  The  analytic  data  showed  that 
the  rahloaoi t  ra  water  in  the  first  loop  prior  to  filtration 
In  the  lon-rxchar.ge  filters  has  six  components  with  the 
following  average  haif-llves;  hours,  15  hours;  26,5  days, 

42  days,  over  s 00  days,  and  over  5  years.  The  filtered  radio¬ 
active  water  contains  only  the  first  four  components,  l,e., 
the  highest  half-life  is  42  days, 

'Ihe  subsequent  chemical  and  other  tests  showed  that 
the  v;ater  neat  transfer  agent  contained  sodluTri,  calcium,  Iron, 


copper,  nickel,  cobalt,  manganese,  chromium,  and  sllleon. 

This  contamination  of  primary-loop  water  Is  mainly  due  to 
the  products  washed  down  with  the  water  (erosion  and  oorrosion 
products)  from  the  Inner  surfaces  of  the  metal  pipes  and 
structures  of  the  primary  loop,  as  well  as  (to  a  smaller 
degree),  as  the  result  of  the  presence  of  Impurttles  In  the 
feedwater,  even  with  a  high  degree  of  purlfloetlon*  It  can 
be  assumed  that  the  quantity  of  corrosion  products  from 
primary  loop  structures  Increases  in  tlms  due  to  the  fact 
that  some  quantity  of  nitric  acid  forms  In  the  loop  as  a 
result  of  the  oxidation  of  nitrogen  dissolved  in  the  water. 

In  the  ease  of  heating  element  shell  washout,  the 
radioactivity  of  the  heat  transfer  agent  increases  sharply 
(up  to  IC*'  curle/llter  and  over),  and  It  exhibits  a  high 
content  of  radioactive  Isotopes  with  long  half-lives  (up  to 
several  years).  All  of  this  Is  especially  dangerous  In  the 
drainage  and  storage  of  the  primary-loop  heat  transfer  agent 
In  special  tanks  for  weakening  and  further  processing. 

The  task  of  removing  radioactive  wastes  from  nuclear 
vessels  can  be  solved  in  approximately  the  following  ways: 

The  active  water  must  be  piped  Into  specially-equipped  tanks 
surrounded  by  the  required  shielding.  There  the  water  is 
kept  to  allow  for  the  weakening  of  activity  through  the 
decay  of  ahort-half-life  Isotopes,  After  this,  the  remaining 
long-half -life  radioactive  materials  along  with  the  used 
agent  from  Ion-exchange  and  other  agents  are  conveyed  to  spe¬ 
cial  floating  or  shore  bases  for  purification  and  treatment, 
Including  special  measures  for  the  burial  of  concentrated 
radioactive  residue  in  hermetic  containers  In  special  burial 
grounds.  It  Is  also  possible  to  dilute  radioactive  waters 
with  sea  water  down  to  an  activity  level  established  by 
International  regulations  for  drinking  water  and  subsequent 
dumping  overboard  in  areas  remote  from  Inhabited  shores  and 
fishing  waters.  However,  taking  Into  account  the  fact  that 
the  dumping  of  even  strongly-diluted  wastes  increases  the 
total  activity  of  the  seas,  which  is  not  desirable  in  the 
final  analysis,  this  method  must  be  deemed  unsatisfactory 
from  rhe  long-term  standpoint  of  keeping  the  world  ocean 
pure , 

It  la  to  be  assumed  that  the  further  elaboration  of 
this  problem  will  bring  about  the  maximum  reduction  of  the 
quantity  of  removed  radioactive  wastes.  In  particular,  the 
heat  transfer  agent  should  be  returned  to  the  primary  loop 
for  reuse  upon  purification. 

In  an  analogous  manner,  it  Is  likely  that  methods 
will  be  developed  for  the  filtration  and  concentration  of 
radioactive  gases,  which  will  make  It  possible  to  ventilate 
the  reactor  section  In  a  closed  cycle. 
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Aa  a  result,  nuclear  vessels  vlll  simply  have  to 
remove  concentrated  radioactive  wastes  and  replace  the 
filter  elements,  which  vflll  considerably  simplify  the 
assurance  of  radiation  safety. 

At  the  present  time,  the  problems  of  the  technology 
of  removing,  purifying,  and  storage  of  NPP  wastes  are  still 
in  the  stage  of  solution,  so  that  we  could  only  deal  briefly 
vrlth  these  problems  In  a  preliminary  discussion. 
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Chapter  VI 


ORCAKT?ATTON  0?  7KF.  EOSnSTRY  SERVICE  01-; 
SKIPS  IvITH  t3?P 


1  9 •  Central  Remarks 

In  this  chapter  we  shall  attempt  to  present  in  an 
organizational -technical  framework  the  problem  of  the  doel- 
metry  service  on  nuclear  vessels  which  has  as  yet  had  no 
practical  elaboration;  what  we  have  to  say  is  therefore  open 
to  criticism  and  correction.  The  entire  subject-matter  le 
presented  in  the  form  of  a  formulation  of  the  question. 

In  the  const  motion,  testing,  and  exploitation  of 
nuclear  vessels,  radiation  safety  must  be  assured  to  both 
the  service  per3onn<<^l  of  the  ship  and  the  people  in  the  . 
vicinity  of  the  ship  either  at  sea  or  on  shore  (during  docking). 
The  organization  of  radiation  safety  procedures  can  only  be 
assured  provided  the  ship  has  a  special  dosimetry  service. 

The  doslicetry  service  must  be  set  up  in  order  to 
assure  timely  detection  of  dangerous  radioactive  contamination 
and  streams  cf  penetrating  radiation,  the  taking  of  proper 
safety  measures,  and  the  liquidation  cf  emergency  conditions 
In  volvlng  the  KPP, 

For  the  purpose  of  controlling  crew  safety,  the 
dosimetry  service  roust  fulfill  the  following  tasks: 

a)  the  assurance  of  control  over  the  irradiation  ef 
the  personnel  with  ionizing  radiation  from  the  NPP; 

b)  the  assurance  of  control  over  gamma-ray  Intensity 
and  neutron  intensity  froro  the  KPF  and  the  degree  of  radio¬ 
active  contamination  of  air,  water,  compartments  and  equip¬ 
ment  surA'aces,  ae  well  as  clothing,  edibles,  drinking  and 
bathing  water,  etc. 

o)  timely  qualitative  discovery  and  quantitative 
analysis  of  abnormalities  in  hPP  operation  accompanied  by 
a  rise  in  ship  radioactivity  above  maximum  permissible  values 
and  VJ.-C  of  gases  and  aerosols  over  the  normal  NPP  operation 

rcfrrltne ; 

d)  control  over  the  radiation  state  of  water  In  the 
vicinity  of  the  ship  and  the  surrounding  air  upon  the  dls- 
ruption‘of  normal  NPP  operating  conditions. 


so ,  A  Sample  Organizational  Scheme  for  a  Doalnetry 

Service 


To  fulfill  the  tasks  set  out  for  It,  a  dosimetry 
Service  must  do  the  followlnp;: 

1  )  raalntair.  constant  surveillance  over  the  radiation 
stat»  of  tne  ship  with  the  aid  of  continuous  control  over  the 
levels  of  penetrating  radiation,  aerosol  and  gas  concentra¬ 
tions,  anc  sporadic  (periodic,  if  need  he)  control  of  radlo- 
ertlvF  contamination  of  ship  compartments  and  equipment; 

2)  immediate  determination  of  causes  of  increased 
rafiiaticr  levels  and  excessive  concentrations  of  radioac¬ 
tive  .-aaes  and  aerosols  over  permlsslhle  levels  corresponding 
to  the  normal  state  of  the  OTP;  iasuanes  of  ins  true tlona 

on  measures  to  correct  the  situation  and  control  over  thilr 
fulflllmen*. ; 

3)  control  of  irradiation  of  ship  personnel  by  NPP 
Ionising  radiation; 

4)  control  of  the  radioactive  state  of  the  water 
p.nci  steam  used  aboard  ship  for  drinking,  bathing,  heating, 
air  conditioning,  etc,,  as  well  as  food.  In  case  of  Improper 

operation  accompanied  hy  radioactive  contamination  of 
compar tmsKts  outside  the  reactor  section; 

5)  control  over  the  fulfillment  of  rules  for  the 
rescovel  of  radioactive  wastes  from  the  ship  —  the  contamin¬ 
ated  heat  transfer  arent  from  the  primary  loop,  sewage  and 
ceactlvatlon  waters,  as  well  as  the  degree  of  their  purifiea- 
tlor.  or  dilution; 

6)  traning  of  personnel  in  measures  of  radiation 
safety  and  work  rules  In  the  reactor  section. 

The  system  of  dosimetric  instruments  on  a  nuclear 
va:j3el  represents  a  single  complex.  Somewhat  arbitrarily, 
however,  they  can  be  broken  down  into  two  parts:  instruments 
for  so-called  technological  and  blologleal  dosimetry;  the 
latter  are  of  a  subordinate  character. 

The  Instruments  for  technological  dosimetry  are 
intended  for  radiation  control  of  reactors  and  OTP  loops. 

They  must  send  out  signals  in  the  case  of  a  broken  seal 
in  cne  of  the  loops,  the  reactor  blocks,  the  appearance 
of  heat  transfer  agent  leakage,  etc.,  and  aid  in  the  deter¬ 
mination  of  causes  and  concrete  sources  of  radioactive  oon- 
tanlnatlon  of  air  and  water  aboard  ship. 

Biological  dosimeters  are  used  to  contzt>l  the  radi¬ 
ation  environment  only  in  the  compartmente  where  the  person¬ 
nel  remain  permanently.  It  should  be  borne  In  mind  that  the 
appearance  of  an  intensified  gamma  background,  gas  activity, 
etc.,  indicates  OTP  malfunction,  and  the  operator  haa  an 
additional  means  for  Its  detection.  In  this  oonsists  the 
subordination  of  the  biological  dosimetry  syatem,  beoauae  of 
which  the  indicates  division  Is  purely  erbitrery. 
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Figure  32.  Skeleton  scheme  of  radiation  safety  service  (RSS) 
organization.  A  =  Dosimetry  watch}  B  s  Captain  of  vessel; 

C  =  Head  of  radiation  safety  service;  D  s  KPP  head;  E  =  Chief 
doslmetriat;  P  =  Doalmetrlst, 


At  the  disposal  of  the  dosimetry  service  there  may 
be  stationary  dosimetric  devices  of  the  continuous-operation 
type  which  assure  remote  control  and  the  measurement  of  the 
levels  of  all  types  of  radiation,  as  well  as  a  number  of 
portable  dosimeters  and  personal  dosimetric  control  devices. 
All  slgnalling-measurlntr  blocks  of  dosimetric  apparatus 
should  be  concentrated  at  the  dosimetry  watch  station  (  a 
separate,  specially-equipped  compartment).  The  work  connected 
with  the  exploitation  of  dosimeters  is  performed  only  by  the 
specially- trained  personnel  of  the  dosimetry  service.  The 
size  of  the  staff  depends  on  the  special  features  of  ship 
NF?  equipment,  as  well  as  the  quantity  and  oomplexity  of 
apparatus . 

The  ohlef  of  the  ndiation  safety  team  should  be 
responsible  directly  to  the  captain  along  with  the  person 
responsible  for  the  operation  of  the  reactor  section  (or  the 
entire  NFF),  inasmuch  as  the  radiation  state  of  the  ship  is 
one  of  the  important  factors  determining  the  technical 
possibility  of  NPP  exploitation, 

A  possible  skeleton  soheme  for  the  organization  of 
e  radiation  safety  service  is  given  in  Fig  32. 

The  functions  of  the  dosimetry  servloe  consist  of 
NPF  control  determined  at  a  given  time  by  its  technical  state, 
as  well  as  daily  maintenance  of  dosimetric  equipment. 

It  is  possible  to  have  the  following  regimes  of 
dosimetry  servloe  work; 

1  )  normal;  when  the  ship  with  a  normally-operatlne 
NPP  Is  either  at  sea  or  in  port; 
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5?)  etr»^  -cenoy;  vrhan  MPP  malfunctions  are  baing 

ellmlr-itod; 

3)  docking;  when  the  yeasel  Is  In  port  with  the 
NPF  shut  down. 

There  oan  also  be  a  regime  of  doeiaetry  eerwloe  work 
while  heating  elements  are  being  replaced,  the  primary  loop 
washed  the  used  heat  transfer  agent  is  being  replaoed, 

during  dock  maintenance  operations,  eto.  These  regimes  which 
are  specific  In  nature  and  as  a  rule  carried  out  with  the 
aid  of  the  shore  dosimetry  service,  will  not  be  considered 
here. 


21 .  Skeleton  Scheme  for  Dosimetry  Control  and  31gnall« 

A  typical  dosimetry  control  system  for  all  vessels 
in  general  cannot  be  suggested  because  Ite  structure  is 
greatly  dependant  on  tha  concrete  nature  of  the  NPP  and  the 
ship  as  a  whole.  Let  us  state  this  pore  olearly. 

The  basic  task  of  the  dosimetry  system  as  stated 
above  consists  In  the  assurance  of  radiation  safety  of  the 
personnel  of  a  nuclear  vessel  through  the  control  of  Ionising 
radiation  and  the  proper  operation  of  NPP  elements  »«  first 
and  foremost  the  reactors  and  technological  locns  and  related 
egulpment.  These  tasks  on  the  whole  determine  the  organization 
of  dosimetric  control  services.  The  types  of  cent  rolled 
radiation  and  measurement  ranges  are  likewise  chiefly  deter¬ 
mined  by  the  deeitfiand  eharaoterletlea  of  ship  reactors, 
loops,  radiation  shielding,  and  overall  arrangement  ci  com- 
n.artmenta , 

The  following  requirements  have  to  be  met  by  the 
dosimetry  control  system; 

1)  it  must  be  centralised.  Indeed,  doslv-etric  oonrrol 
data  must  be  channeled  to  the  single  dosimetry  station  In 
order  that  the  operator  on  watch  fthe  doslmetrlat)  might 
quickly  generalise  them  for  various  tjrpes  of  ooatrol  and 
evaluate  the  radiation  state  of  the  ship  as  a  whole; 

2)  dosimetric  control  must  assure  the  service  per¬ 
sonnel  not  only  the  possibility  of  rapid  orientation  in  the 
radiation  environment  aboard  ship,  but  also  indicate  the  con¬ 
crete  eauees  and  locations  of  malfunctions  producing  Its 
variations; 

3)  tha  organisation  of  dosimatrio  oontrol  must  be 
integrated  with  the  overall  VPP  oontrol  organisation,  l.e,, 
with  the  quantity,  purpose,  and  loeation  of  ship  and  MPF 
control  posts  —  in  the  section  where  the  equipment  for 
signal  reproduction  and  ship  interoommuhioations  between 
oontrol  posts  is  located. 

NPP  control  presupposes  maximal  automation.  In  which 
all  of  the  basic  control  operations  oan  be  carried  on  from  a 
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central  station.  Let  us  call  this  the  power  control 
station  (PCS),  This  station  Is  the  center  for  all  remote- 
control  apparatus  for  the  reactors  and  auxiliary  mechanisms 
—  control  panels  for  starting  up,  regulating,  and  shutting 
down  the  NPP,  signalling  devices  and  communications  equip¬ 
ment  of  all  types,  as  well  as  dosimeters.  At  the  present  time, 
wide  use  Is  beinff  made  of  mnemonic  control  panel  layouts 
showing  the  block  diagrams  of  technological  and  auxiliary 
i\FP  loops  with  indications  as  to  the  control  points  and 
rsA’ulatory  organs.  Such  designs  assure  convenience  and  at-a- 
glance  control. 

The  dosimetric  control  system  should  be  structitred 
in  a  sirtllar  way.  This  will  first  of  all  facilitate  trouhle- 
spcttin?  In  the  NPP  and  technological  loops,  and  will  also 
assure  effective  control  of  the  radiation  environment  on  the 
ship  as  a  whole. 

In  dosimetric  control  systems  onnuclear  vessels, 
most  of  the  dosimetric  equipment  is  stationary.  Portable 
devices  are  used  to  supplement  the  stationary  dosimeters 
In  the  event  of  malfunction,  to  monitor  radiation  in  usu¬ 
ally  unmonitored  areas,  as  well  as  to  check  on  the  contami¬ 
nation  of  removable  structures  (e.g.  trapdoors,  etc.). 

Or.  auxiliary  base  ships  which  service  nuclear  vessels 
and  used  for  the  transaport,  purification,  storage,  and  removal 
cf  radioactive  wastes,  the  inclusion  of  statioixary  dosimeters 
is  not  always  mandatory.  This  considerably  simplifies  the 
dosimetric  system  and  Increases  the  role  of  portable  instru¬ 
ments  . 

Taking  into  account  the  requirements  of  centralized 
dosimetric  control  which  stem  from  the  specificity  of  con¬ 
ditions  and  the  considerable  complexity  of  equipment,  it  is 
advisable  to  set  up  the  dosimetry  station  in  a  separate  com¬ 
partment,  including  only  the  necessary  duplicate  signalling 
devices  on  the  PCS  control  panels.  It  may  likewise  be  necessary 
C.0  place  control  apparatus  on  ths  dosimetry  control  panel 
which  indicate  the  regime  of  NPP  operation  at  a  given  moment. 
This  will  allow  the  doeimetrist  to  make  a  more  precise  esti¬ 
mate  in  an  emergency  situation. 

Fig  33  shows  a  sample  diagram  of  one  channel  of  a 
dosimetric  installation.  The  diagram  is  simple  enough  and 
does  not  require  additional  explanation.  However,  it  is 
necessary  to  say  something  about  the  system  of  "threehold" 
signalling.  Practice  has  shown  it  convenient  that  it  ie 
convenient  to  have  the  dosimetric  equipment  send  out  signals 
fixing  specific  radiation  levels  (thresholds),  e.g.,  the 
permissible,  maximum,  and  dangerous  levels  (the  latter  two 
for  an  emergency  NPP  operating  regime).  Such  e  stepwise 
signal'. tj  ■  .tloslmetrlst  in  rapidly  assessing 
the  i 2 »".t iQn  environment.  This  slgnalizatlon  should  be 

niaoed  on  the  '".aln  control  panel  in  the  dosimetry  station, 
and  the  NPP  end  PCS  control  panels  and  Che  entrances  to 
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the  aonitored  coapartmenta.  IDach  fixed  radiation  level  must 
have  Its  own  signal  light  which  would  light  up  at  the  central 
dosimetry  station*  for  example.  It  Is  possible  to  have  the 
following  system  of  colored  lights t  green  permissible  radiation 
level;  yellow  — •  maximum  permissible  level  of  radiation;  red 
»  dangerous  radiation  level;  blue  — -  dangerous  concentration 
of  radioactive  gases  and  Isotopes. 


Jt/ummffiMCtmi  mmd^ 


Figure  33«  Diagram  of  one  channel  of  a  dosimetric  facility. 

1  —  Bell;  2  —  Pickup;  3  —  Intermediate  Indicating  Instru¬ 
ment;  4  --  Dosimeter  measuring  Instrument,  k  a  Special 
devices  at  entrance  to  controlled  compartment;  B  a  Green; 

C  s  Yellow;  D  a  Red;  E  a  Doslmetrlst 's  control  panel; 

F  a  Dosimetry  station. 

The  use  of  such  colored  signals  on  display  and  con¬ 
trol  panels  In  combination  with  the  NFF  mnemonic  layout 
assures  a  sufficiently  clear  assessment  of  the  radiation 
environment  on  the  ship.  The  appearance  of  danger  signals 
for  radiation  of  all  tjrpes  should  be  combined  with  audible 
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signals  (huzzers,  sirens,  bells)  to  draw  the  operator** 
attention.  In  planning  the  signal  syetemst  the  signalling 
Instruments  should  be  made  quite  distinct  with  respeot  to 
color  and  sound.  Relay  devices  grouped  in  special  relay 
boxes  or  on  panels  can  be  ueed  for  the  swltohlng  and  conmu* 
tatlon  of  color  and  sound  signalling  dewlces  at  the  eleotronle 
circuit  outputs.  The  basic  seheme  of  a  relay  signalling  hookup 
{Vip,  34)  is  simple  and  needs  no  special  explanation. 
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Figure  34.  Basic  signalling  scheme , 

y.  --  General  triggering  button;  K1  ,  K2 .  K3  —  Signal  triggering 
buttons;  P1  ,  P2,  ?3  —  Trheshold  signalling  relays,  A  =  Signal 
Inputs  B,  C,  D  —  1st,  2d,  3rd  thresholds,  respsetlvely. 
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It  is  merely  necessary  to  note  that  the  device  circuit  has 
its  own  separata  output  for  each  signal  line  (  green,  yellow, 
red,  and  blue),  or  assures  selectivity  upon  linkup  with 
the  corresponding  repeater  relays  PI,  P2,  eto. 

Pig  35  shows  a  sample  basic  dosimetric  control  scheme 
for  a  hypothetical  nuclear  vessel,  fhls  soheme  Is  by  no 
means  exhaustively  complete.  It  was  conceived  with  no  specific 
vessel  in  mind,  but  Is  Intended  merely  to  give  a  clear  a 
conception  as  possible  of  the  dosimetric  system  as  a. whole. 

The  scheme  includes  the  basic  measurement  and  signalling 
apparatus  and  shows  the  points  where  pickups  and  secondary 
dosimeters  are  installed*  For  the  sake  of  completeness,  it 
la  assumed  that  the  ship  has  both  a  central  PCS  (power  con¬ 
trol  station)  and  a  reserve  power  control  station  (RPCS). 

The  pickups  are  grouped  according  to  the  types  of 
monitored  radiation;  it  gives  the  name  of  the  compartment 
or  mechanism  on  which  they  are  Installed,  as  well  as  the 
coordinates  of  the  installation  point  —  deck,  bulkhead, 
strake*  The  dosimetry  station  panel  has  only  the  colored 
signal  lights;  the  secondary  instruments  can  be  installed 
on  any  of  the  nearby  partitions.  Upon  actuation  of  the 
signal,  the  dosimetriat  comes  to  the  appropriate  direct- 
reading  instrument  and  takes  his  data. 

This  is  accompanied  by  the  triggering  of  the  analogous 
color  signals  on  the  NPP  control  panels  in  the  PCS  and  RPCS, 
The  sound  signals  should  not  be  installed  in  the  PCS  and  RPCS, 
because  and  excessive  abundance  of  sound  signals  at  these 
stations  can  hinder  the  basic  functions  of  the  operators  on 
duty. 

In  the  presence  of  multi-channel  dosimeters,  It  may 
be  convenient  to  employ  a  single  central  block  containing 
all  measurement  channels.  Such  a  block  has  a  single  measure¬ 
ment  device  which  Is  switched  to  the  selected  pickup  channel, 
as  shown  in  Fig  35  for  the  case  of  measurement  of  the  activity 
of  the  primary  heat  transfer  agent  with  respect  to  gamma 
emission.  The  use  of  such  multl-channsl  will  considerably 
simplify  the  scheme  ehown  in  the  figure  and  reduce  the  amount 
of  equipment  in  the  dosimetry  station.  At  times,  according 
to  conditions  of  NFP  exploitation  and  depending  on  overall 
ship  design,  it  may  be  expedient  to  Install  color  signals 
and  even  duplicate  measurement  Instruments  at  the  entrances 
to  certain  of  the  reactor  section  compartments.  This  is  not 
shown  in  Fig  35.  Also  left  out  is  the  entire  relay-commutation 
apparatus  —  connector  post  boxes,  relay  boxes,  etc. 


95 


Figure  35*  Sample  basic  scheme  of  dosimetric  control  system  for  a  nuclear  vessel 
[See  legend  next  page]. 


[Figure  35.  Legend]: 

A  s  !)08inetry  station;  B  s  Doslmetriete '  panel  In  doalaetry 
station;  C  s  Conpartaent  containing  autonatlo  reactor  control 
equipment;  B  s  Exit  and  dressing  room  (dirty  clothes  rsBoval); 
E  s  Main  control  panel  In  PCS;  F  s  Reserve  control  panel  la 
RPCS;  G  =  Yelloir  signal  light;  H  «  Blue  signal  light;  I  s 
Green  signal  light;  J  s  Red  signal  light;  K  »  Secondary 
dosimeter  or  radiometer  device  (local  signal  and  device); 

L  s  Same  as  K  (display  with  pickup  switching);  M  s  Same 
(signalling);  N  •  Same  (display  and  signalling);  0  s  Bosl- 
meter  or  radiometer  plokup;  P  «  Upper  deok,  65-75  blkhd; 

Q  s  Compartment  containing  automatic  reactor  control  equip¬ 
ment;  R  s  Fast  neutrons;  S  s  Upper  deok,  60  blkhd;  T  s 
Cabin  ventilation  (blowln);  U  s  Gas  beta  activity;  V  s 
Lower  deck,  70  blkhd;  W  s  Exit  dressing  room;  X  s  Beta 
activity;  Y  =  Upper  deck,  75-80  blkhdi  Z  s  a)  reactor 
ventilation  channel,  b)  ventilation  channel  behind  circu¬ 
lation  pump,  c)  heat  exohanger  oompartment  ventilation 
channel;  A’  ss  Gas  beta  activity;  B*  a  Hold,  65  blkhd;  C*  a 
Sea  water  control;  O'  a  Gamma  aotlvltyi  B*  a  Lower  deok- 
Middle  deck  platform,  65-75  blkhd;  F*  a  Primary  technological 
loop;  g'  a  Gamma  activity;  H‘  a  Hold,  70  blkhd;  I'  a  Sewage 
water  plumbing;  J'  a  Gamma  activity:  K*  a  Lower,  middle,  and 
upper  deck  platform,  65-30  blkhd;  L*  a  Reactor  section  com¬ 
partments;  M'  a  Beta-aotive  aerosols. 

22,  Plflcemaat  of  Dosimetry  Apparatus 

As  was  already  pointed  out  above,  the  assurance  of 
radiation  safety  on  a  nuclear  vessel  Is  one  of  the  most 
Important  problems  In  design  which  significantly  affects 
the  general  arrangement  of  ship  compartments  and  the  design 
of  the  reactor  section.  In  this  connection,  the  determination 
o;f  points  for  the  Installation  of  pickups  and  devices  for  the 
dosimetric  control  system  Is  likewise  of  first-rank  Importance. 
Belov  we  attempt  to  convey  some  Idea  of  the  placement  of  dosi¬ 
metric  apparatus. 

Inasmuch  as  design  peculiarities  In  the  distribution 
of  dosimetric  Instruments  are  primarily  contingent  on  their 
purpose  (type  of  radiation  or  activity  to  be  monltores), 
the  discussion  below  does  not  take  Into  account  the  arbitrary 
division  of  dosimetry  Into  technological  and  blolcglcal  moni¬ 
toring. 

Radiation 

R-qieteys.  These  are  used  to  control: 

gamma  ray  Intensity  beyond  the  confines  of  the  radi¬ 
ation  shielding; 
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the  Intenaity  of  the  external  ganwi  field  outside 
the  ship  [note:  the  piokups  for  controlling  the  external 
gamaa  field  are  not  Integral  parts  of  nuclear  vessel  doslaetry, 
but  their  Installation  is  desirable  for  the  sake  of  ooaplete- 
ness  of  Information  on  ship  radiation  sources.  Por  ezanple* 
they  register  external  gamma  ray  sources  1. 

the  possibility  of  saergenoe  of  the  primary-loop 
heat  transfer  agent  into  the  secondary  HPP  loop :( leakage 
control)  or  Into  the  reaotor-seetlon  air; 

specific  activity  of  deactivation  and  sevage  waters 
and  lon-exohange  filter  operation  [note:  special  studies 
showed  that  the  fragment  oomposltlon  of  radioactive  water 
contaminations  and  the  ratio  of  beta  and  gaaaac radiation  are 
sufficiently  stable.  This  has  made  It  possible  to  adopt  the 
method  of  controlling  the  speoiflo  activity  of  sewage  waters 
according  to  the  gamma  radiation  of  the  fission  fragments 
ahead  of  and  after  the  lon-exohange  filters]. 

specific  activity  of  sea  water  used  In  auxiliary- 
mechanism  cooling  systems. 

Devices  for  measuring  neutron  streams.  These  devices 
are  used  to  control  streams  of  fast  and  thex^l  neutrons 
beyond  the  confines  of  radiation  shielding  and  In  the  reactor 
area  Itself  for  the  purpose  of  checking  the  neutron  shielding. 

,  Dfyloy.for,ooBtrolllpg  gaa  beta  aolivlty.  These 
register  the  following: 

the  specific  activity  of  air  sucked  out  by  the 
ventilation  system  from  the  reactor  section  or  adlaoent 
compartments  appearing  as  a  result  of  active  gas  leakage 
through  various  structural  crevices  In  the  NPF; 

the  appearance  of  gas  activity  In  the  secondary 
NPF  loop  due  to  disruption  of  heating-element  and  steam 
generator  hermetlb  seals; 

quality  of  air  sucked  by  ventilation  from  the  outside 
for  ship  compartments. 

Beta  radiometers.  These  devices  are  employed  to 
control  the  radioactive  contamination  of  equipment,  deck 
surfaces,  and  compartment  partitions,  as  well  as  skin 
surfaces  and  clothing  of  the  service  persoxmel. 

Devices  for  opntrolllng  radioytive  aerosols.  These 
devices  make  It  possible  to  control  the  appearanoe  of  radio¬ 
active  aerosols  as  a  result. of  primary-loop  leakage,  as  well 
as  of  evaporation  of  sewage  and  deaotlvatlon  waters. 

The  deployment  of  pickups  Is  the  basic  problem  In 
the  distribution  of  dosimetric  equipment  aboard  ship. 

Let  us  consider  the  baslo  Instances  of  dosimeter 
pickup  distribution  which  depends  largely  on  the  selected 
control  technique. 
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Principle  for  Deploying  Statlonary^Doalmcter  Pickups  for 
Oontrolligg  Gaaiaa  Ra<^tatlon  Leveia 


General -control  plclcupe  are  placed  by  unite  In 
compartmente  adjacent  to  the  reactor  eeotlon* 

Pickup  Installation  points  are  ohosen  with  respect 
to  the  distribution  of  the  gamma  field  obtained  from  the 
calculation  and  construction  of  Isodosal  diagrams.  The 
pickups  are  placed  at  points  In  the  compartment,  where,  In 
accordance  with  the  Isodosal  diagrams  the  gamma-ray  Inten¬ 
sity  la  maximum.  Within  the  limits  of  calculation  accuracy, 
the  picture  provided  by  Isodosal  diagrams  confirms  the 
pickup  distribution. 

The  pickups  for  controlling  the  external  gamma 
field  should  be  places  at  high  points  on  the  superstructure 
or  masts  in  such  a  way  as  to  provide  monitoring  over  a 
solid  angle  cf  2ir.  Usually,  two  pickups,  one  to  port  and  one 
to  starboard,  are  sufficient. 

The  pickups  which  control  the  alteration  of  activity 
In  the  primary  and  secondary  loops  are  Installed  on  the  appro¬ 
priate  pipes. 

The  pickups  Installed  on  the  pipes  and  structures  of 
the  primary  loop  are  mounted  with  the  observance  of  the 
following  conditions: 

a)  to  avoid  measurement  errors,  it  is  necessary  to 
provide  shielding  from  the  external  gamma  background?  for 
this  reason,  the  pickup  and  the  controlled  portion  of  pipe 
or  other  structure  are  enclosed  In  a  lead  or  steel  enclosure 
of  the  required  thickness s 

b)  if  the  pickup  (mainly  the  detector)  Is  not  designed 
for  constant  operation  under  high- temperature  conditions,  it 
is  necessary  to  cool  It  by  any  of  the  various  means  available 
(e.g.,  by  flowing  water), 

A  diagram  of  water-cooled  pickup  Installation  on  a 

stcnni  pipe  appears  in  Pig  36, 


Pickups  for  Controlling  Primary-loop 
LeakaiTO  ^ 

With  respect  to  gas  beta  activity.  Pickups  are  In¬ 
stalled  mainly  to  control  and  detect  small  leaks.  They  are 
mounted  on  the  main  lines  which  carry  off  the  air-stsam 
mlature  from  the  turbine  condensers  [see  note],  In  the 
reactor  section  ventilator  duots,  the  speolal  duot  for. 
carrying  away  air  directly  adjacent  to  the  reactors,  and 
the  ventilation  ducts  carrying  air  from  the  surrounding 
atmosphere  Into  the  oompartments .  Radiometer  plokups  are 
Installed  In  specially-packed  portions  of  the  ventilation 
ducts  with  definite  dlmecslons  calculated  In  advance  which 
replace  special  counting  enclosures  (See  Cheptsr  4,  Sec  3)» 
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plotes  The  activity  of  the  heat  transfer  agent  (bidiatlllate) 
in  the  presence  of  an  ion-exchange  filter  depend!  oalnly  on 
that  of  the  gases.  For  this  reason,  a  very  effsotive  neans  of 
osntrolllng  the  presence -of  radioactivity  in  the  seoondas^ 

NFF  loop  Is  the  method  of  measuring  the  activity  of  the  air- 
steam  mixture  drawn  off  from  the  turhoaggregate  condensers 
by  rreans  of  ejectors]. 


Figure  36.  Sketch  of  water-cooled  pickup  mount  on  stsam  pipe. 

1  —  Steam  pipe  with  thermal  insulation {  2  —  piokup;  3  — 
cable;  A  s  VTater-coolant  intake;  B  k  Water-coolant  t^eoff. 

If  the  calculated  crose-seotion  of  the  counting  volxuse 
differs  from  that  necessary  for  vent ila tiSBt ope o if ioat ions, 
the  latter  is  "blown  up"  in  site  at  the  nsoeosary  point. 

A  sketch  of  the  mounting  of  a  beta  radiometer  in  the 
ventilation  duct  is  shown  in  Fig  37. 

Mrg|gl,lg.umj4  The  pickups  for 
controlling  aerosol  activity  should  be  mounted  in  the  same 
cheinnels  as  the  gas  pickups,  with  the  exception  of  the  air- 
steam  mixture  pipes. 

The  centralized  measurement  of  aerosols  In  sevenl 
compartments  can'  be  performed  with  just  a  single  piokup  and 
a  system  of  collection  vents  (Fig  3o).  In  case  of  oemtr&lised 
oSllectlon  of  samples  of  air  controlled  with  respeot  to 
specific  aerosol  activity,  the  entire  complex  of  apparatus 
capable  of  being  contaminated  with  active  substances,  i.e.. 
the  air  blower,  the  air  flow  meter,  remote-controlled  valves. 
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and  the  pIckut  Itself  wi^Ii  Its  filter  and  detector  should 
>'e  aome  comp*; rt men t  it;  the  strlct-rerlme  zone 

within  the  reactor  section,  yost  often,  the  ventilation 
cubicle  which  houees  the  ventilators  eervlnfr  the  reactor 
section  are  located,  serves  this  purpose.  The  orftana  of 
remote  control  over  the  valves  and  aerosol  radiometer 
should  be  located  at  a  central  dosimetry  station. 


Pl'^'ire  ?7,  Sketch  of  P’as  beta  radiometer  mountlnf;  in  ventl- 
letlon  duct,  1  —  packing;  2  —  cable;  5  —  ventilation  duct; 
4  —  pickup. 


Portable  Dosimeters 

On  a  nuclear  vessel,  there  roust  be  compulsory  periodic 
checks  of  the  level  of  contamination  of  all  reactor-section 
comrartirents ,  as  well  aa  other  compartments  under  emergency 
conditions.  Similar  syatamatlc  checks  must  be  carried  out  in 
the  sanitation  dressing  room,  dlrty-clethes  room,  and  special 
deactivation  laundry.  Impending  on  the  results  of  the  check, 
the  indicated  deactivation  la  carried  out  and  instruetlona 
issued  on  the  maximum  length  of  presence  in  the  various 
compartments, 

?or  this  purpose,  the  ship  is  equipped  with  portable 
dosimeters.  These  include: 

1 )  r-  meters  with  a  range  of  gamma  measurement  from 
10”’  to  15»1C5  mlcrocurles/aec; 

2)  devices  to  measure  fast  and  thermal  neutrons  ^ 
with  a  measurement  range  from  3.0  to  3.0»10^  neutrons/em'^aee, ; 

3)  beta -radiometers  to  measure  surface  ecntamlnatlon 
with  a  range  from  1  to  10^  events/sec'cm^; 
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4)  S'  t  of  Individual  eoatrol-measuriment  Inetrumenti 
for  rspisterlng  total  radiation  doaes  absorbed  by  personnel 
during  duty  hours. 

All  of  the  Instrusents  must  be  transportable  under 
ship  conditions  end  have  portable  power  supplies. 

At  the  present  time,  such  Instruments  are  being 
built  in  the  Soviet  Union  on  a  aerial  basis. 


figure  38,  Diagram  of  system  for  measuring  radioactive  aerosol 
concentrations.  1  —  air  ducts;  2  — -  air  eollsotor;  3  —  air 
blower;  XX  —  radiometer  pickup;  P  — •  flow  meter;  'S  —  remote- 
operation  electronusLgnetlc  valves,  A  =  Compartments  monitored 
for  aerosol  radioactivity. 

The  Iodine  Radiometer 

The  persoriUel  on  the  nuclear  vessel  must  undergo 
periodic  medical  checks  during  whloh  measurements  are  made 
of  the  iodlne-131  accumulated  by  the  thyroid  gland;  this 
makes  It  possible  to  judge  the  dose  of  radiation  received 
from  this  emitter.  The  measurement  is  carried  out  with  a 
special  hlgh-sensitlvlty  radiometer  which  registers  the  gamma 
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radiation  of  lodlna<-l3if  starting  from  0.02-0*04  nloroourlo# 
whloh  la  5-10  tlmaa  laaa  than  tha  naxlnuD  pormlaalhlo  oontMt 
of  this  laotopa  In  tha  huaan  body.  Tha  Inatrunant  la  Inatal- 
lad  In  ona  of  tha  nadloal-bloek  oompartmanta  irhloh  should  ba 
as  far  ramovad  as  poaalbla  froa  tha  raaetor  saetioa  In  ordar 
to  raduoa  tha  gatta  background. 

23.  Tha  Doalnatry  WatoiL |tatlon_and- tha.  QrgaaliaUafl 

itM  ftparaiiona 

Tha  problaaa  of  tha  orgcaicatlon  of  doalaatry  aarvloas 
on  nuclear  ahlpa  ara  nav  and  haTS  raoalvad  no  praotloal  ela¬ 
boration.  For  thla  raaaon,  this  aaotlon  oontalna  but  an 
attaapt  to  outline  tha  baalo  faotora  In  tha  poaalbla  organi¬ 
zation  of  tha  work  of  tha  doslaatry  watch  station.  It  la 
not  the  purpose  of  thla  book  to  proTlda  Ins true tlonal  aatarl- 
als  to  doslaetry  sarvloa  workara;  but  In  ordar  to  undaratand 
the  dally  functions  of  tha  aarwloa,  the  aaotlon  Inoludas  a 
Hat  of  the  basic  duties  of  maabars  of  tha  dosimetry  aanrloa. 

Above  we  already  Indloatad  tha  naeasslty  for  oantral- 
Ized  dosimetry  aboard  ship.  Tha  dosimetry  station  tSS)  must 
be  this  oentar.  It  should  ba  located  In  tha  reaotor-saotlon 
area  for  the  maximum  possible  eurtallmant  of  all  entering 
ship  communloatlons  —  pipes,  cables,  antranoas.  and  exits. 

The  DS  must  contain  all  apparatus  for  ramota  observation  and 
control  of  the  radiation  environment  aboard  whip  (dlraot- 
raadlng.  recording,  and  signalling  dosimatars).  as  well  as 
Intarooamunloatlons  equipment  (talaphonas.  Intareoma.  and 
necessary  slgnallsatlon) . 

The  DS  should  also  have  places  for  storing  Individual 
dosimeters,  spare  Instruments  and  parts,  oontrol-aaasuramant 
dosimeters,  and  portable  dosimatars.  If  a  nuclear  vassal  does 
not  have  a  special  area  for  aalntsnance  work  and  calibration 
of  dosimeters,  the  DS  must  have  a  spaolal  container  with  lead 
shielding  for  the  storage  of  control  and  calibration  samples. 

It  is  very  desirable  to  have  tha  BS  compartment  to  ba  haat- 
and  sound-lnsulatad  and  diffused  Illumination  to  avoid 
sharp  reflections  from  instrument  scales  and  dimming  Cf 
color-signal  lights.  A  sample  plan  for  a  dosimetry  station 
Is  shown  In  Fig  39.  It  was  designed  to  assure  radiation 
control  with  tha  aid  of  slngla-ohannal  doslmatrlo  Installations. 

If  multi-channel  doslmatrlo  equipment  is  used,  the 
floor  plan  of  tha  dosimetry  station  Is  considerably  simplified, 
since  In  place  of  a  large  number  of  secondary  devices.  It  Is 
necessary  merely  to  Install  ona  or  two  multi-channel  aeaauring- 
slgnalllng  devices.  It  Is  likewise  more  convenient  to  conduct 
observations  and  measurements  because  all  of  the  control, 
signalling,  and  measuring  equipment  Is  easily  mounted  directly 
on  the  doslmetrlat'e  panel.  A  block  diagram  of  such  a  multi¬ 
channel  system  Is  shown  In  Fig  40. 
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Pig  41  ehowa  a  second  variant  for  the  floor  plan 
when  multi-channel  equipment  la  to  he  Installed, 


Figure  39.  DS  plan  (lat  variant), 

1  —  Special  cabinet  with  lead  shielding  for  storing  radio¬ 
active  isotopes}  2  —  Slectrle  panel;  3  —  Table  for  Inatiru- 
ment  repairs;  4  —  Secondary  dosimeter  and  radiometer  indi¬ 
cators;  5  —  Commutation  appratus;  6  —  Doalmetrlst's  signal 
panel;  7  —  Cabinet  for  portable  doalmeters;  8  —  Spare-parts 
rack;  9  —  Stool;  10  —  irmchalr,  A  =  Ship's  bow. 

Sample  List  of  Duties  of  Dosimetry  Service  Staff 

The  dosimetry  servl''e  of  a  nuclear  veeaal  Is  Indepen¬ 
dent,  answerable  directly  to  the  captain,  his  senior  assist¬ 
ant,  or  a  person  responsible  for  the  radiation  state  of  the 
ship  as  a  whole. 

The  dosimetry  service  staff  Is  responsible  for  the 
followins:  j 

1  }  proper  organization  of  doslmetrle  control  and 
assurance  of  radiation  safety  of  the  men  aboard  In  accordance 
with  the  traxiraum  permissible  radiation  doaea; 

2)  timely  and  expert  performance  of  radiation  surveys 
and  planned  measurements  of  radiation  levels  and  contamination 
of  compartments  and  equipment,  and  concentrations  of  active 
gases  an^  aerosols; 
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Plrure  40.  Skeleton  scheme  of  ”D*'  multi-channel  system. 

1  -»  relay-commutation  device;  2  —  central  measurement 
panel.  A  =  Aerosols;  B  s  Pickups;  C  s  f-fltas  activity; 
r  =  Neutrons;  E  =  |f  -field. 

3)  performance  of  dosimetric  control  functions  In 
deactivation  operations; 

4)  control  over  the  fulfillment  by  the  ship's 
personnel  of  measures  to  assure  radiation"  safety  In  work 
under  conditions  of  Increased  radiation  levels,  concentrations 
of  radioactive  anises  and  aerosols,  as  wellas  radioactive 
ccntaralnatlon  of  ship  compartments  and  equipment; 

5)  keeping  the  dosimetric  Instruments  of  the  ship 
in  <rood  working  order  and  In  readiness; 

6)  organisation  of  proper  storage,  maintenance,  and 
replacement  of  dosimetric  Instruments  and  Individual  safety 
eoulpment : 

7)  training  of  personnel  In  the  basic  rules  of 
radiation  safety,  use  of  Individual  dosimeters,  and  use  of 
individual  safety  equipment; 

8)  training  of  personnel  In  deactivation  of  special 
clothing,  equipment,,  end  skin  surfaces; 

9)  keeping  of  special  logs  containing  all  lr.formatlon 
on  the  activities  of  the  service.  Irradiation  doses  absorbed 
by  all  persona  working  in  the  limited-presence  zone,  data  on 
all  types  of  dosimetric  surx^eys,  and  the  description  of 

KPP  malfunctions  as  w^ell  as  measures  for  their  elimination. 


Pigurft  41,  Central  33  plan  (2nd  variant), 

1  —  Special  lead-shielded  cabinet  for  storing  radioactive 
Isotopes;  2  —  Electrical  panel;  3  —  Table  for  Instrument 
meintenance;  Relay-ccmmutatlon  equipment;  5  —  Doel- 
metrlat-s  signal  and  measurement  panel;  6  —  Cabinet  for 
portable  dosimetric  and  radiometric  devices;  7  —  Spare 
parts  rack;  8  —  Stool;  9  —  Armchair,  A  =  Ship's  bOK, 

Curing  their  watches,  the  dosircetrlsts  must  perform 
thf?  following  operational  functions; 

Prior  to  NT?  Startup; 

1)  prepare  all  dosimetric  apparatus; 

2)  at  the  command  of  the  officer  on  watch,  turn  on 
the  stationary  dosimetric  devices  for  the  measurement  of 
levels  of  radiation  and  concentrations  of  radioactive  gases 
and  aerosols; 

3)  record  the  measurement  results  In  the  log  according 
to  prescribed  form;  record  the  data  on  the  plan  of  the  ship 
[see  note]  and  report  them  to  the  officer  In  charge,  [Note; 

The  plan  is  a  schematic  drawing  of  the  ship,  and  a  separate 
dravlnp  of  the  reactor  section.  In  checking  the  radiation 
state  of  t’ae  ship  compartments,  the  data  are  rscorded  on 
these  arawluga.  The  plan  Is  an  operational  document. 
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During  Normal  NPP  Operation: 

1 )  ittMiiiutnly  following  NrP  startup,  taks  readings 
of  all  stationary  dosimeters,  record  them  In  log  and  plan, 
and  report  to  officer  In  charge t 

2)  during  the  watch  (with  normal  MPP  operation) 
take  systematic  readings  of  dosimeters  and  make  proper  en« 
tries.  It  Is  advisable  first  of  all  to  maintain  surveillance 
over  technological  dosimetry  instruments  which  should  be 
ohboked  as  often  as  possible.  The  biological  Instrument 
readings  can  be  taken  once  or  twice  each  watch. 

infer*oonSfffons^?f“  "a^io^af^NPP  operation,  there  la 
usually  dn.lnordase  in  radiation  levels  or  the  appearance  of 
radioactive  gases  and  aerosols.  In  this  case,  there  Is  a 
triggering  of  the  appropriate  signals  In  the  station,  and. 
the  doslmetrist  on  watch  must  Immediately  take  readings  of 
all  Instruments,  recording  them  In  the  log  and  reporting  to 
the  officer  in  charge  who  will  take  the  necessary  measures. 

Dosimetry  Station  Documentation 

formal  operation  of  the  dosimetry  station  and  the 
entire  dosimetry  service  as  a  whole  requires  the  malntenaoe 
of  special  documentation  which  contains  systematic  data  on 
everythlngrelatlng  to  the  radiation  state  of  the  NFP  vessel. 

The  doouments  Include : 

1 }  Instructions  on  radiation  safety  for  the  personnel 
operating  the  NPPj 

2)  plan  of  reactor  section  and  adjacent  compartments 
logltudlnal  cross-section  and  deck  plan; 

3)  table  of  actual  activity  of  control  samples; 

4}  log  journals.  Inoludlngt 

a)  Individual  data  on  Irradiation  and  contamina¬ 
tion  of  personnel; 

b)  levels  of  radiation  and  cono.entratlons  of 
x'adloaotlve  gases  and  aerosols  beyond  the  ooxiflnes  of  radiation 
shielding; 

c)  levels  of  specific  activity  of  primary  NPP  loop 
and  Its  elements; 

d)  degree  of  radioactive  contamination  of  oom- 
partments  and  equipment  of  reactor  section,  as  well  as 
deactivation  operations  and  their  results,  jLncludlng  a 
measurement  of  specific  radiation  levels  of  sewage  and 
deactivation  waters; 

e)  maintenance  work  on  Instruments  and  calibration 

data. 
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Chapter  VII 


FUNDAMENTAL  SOLUTIONS  TO  PROBLEMS  OF  RADIATION  SAFETY 
AND  the  system  OP  NPP  DOSIMFTRY  CONTROL  ON  THE 
ATOXIC  ICEBREAKER  "LENIN" 


24.  Formulation  of  the  Problem  of  Radiation  Safety  on 

the  icebrealcer 

Radiation  oor  trol  of  !!■<•  on  the  Soviet  Ice¬ 
breaker  "Lenin"  la  maintained  by  an  Independent  technical 
service  which  Is  a  part  of  the  system  that  works  to  assure 
NPP  radiation  safety  —  the  Radiation  Safety  Service  (RSS). 

The  >?T?  of  the  Icebreaker  la  planned  and  constructed 
In  such  a  way  that  with  normal  operation,  the  appearance  of 
excessively  h5.(»h  levels  of  radiation  Is  excluded;  thlA  also 
frees  for  concentrations  of  radioactive  materials,  not  to 
speak  of  danprerous  levels  and  concentrations. 

In  addition,  features  to  combat  the  possibility  of 
serious  troubles  Involving  the  rupture  of  beating  element 
shells  and  steam  generators  In  the  primary  loop  have  also 
been  Incorporated,  As  a  result,  the' maximum  possible  con¬ 
centrations  of  radioactive  substances  In  the  air  of  living 
quarters  ever  the  time  necessary  to  shut  down  a  malfunction¬ 
ing  reactor  and  appropriate  channels  will  not  reach  the 
maximum  permissible  levels. 

The  probability  of  such  an  accident  Is  very  low  In¬ 
deed  . 

Th\}s,  some  increases  In  the  levels  and  concentrations 
will  Indicate  only  the  deteriorating  operation  of  Individual 
NPP  elements,  e.g.:  a  small  seepage  of  the  primary  heat 
transfer  agent,  damage  in  the  system  for  air  rarefaction  in 
the  reactor  section,  contamination  of  Ion-exchange  and  aerosol 
filters,  etc.  The  ship  has  a  system  assuring  continuous  con¬ 
trol  of  the  radiation  environment.  This  system  makes  possible 
the  early  detection  of  any  radiation  danger,  the  determination 
the  locations  and  causes  for  Its  appearance  and  thus  the 
Issuance  of  instructions  for  Its  elimination. 

All  calculations  of  the  biological  shielding,  per¬ 
missible  length  of  presence  for  personnel  In  heightened 
radiation  areas,  measurement  limits,  and  sensitivity  of 


InstrumantB  vere  det«rmlaed  on  th«  baalt  of  tho  mnxiaua 
poaalble  radiation  larala  and  oonoantratlona  of  radloaotlva 
natarlaXa  In  the  controlled  sone  eatahllahad  by  the  State 
Sanitation  Inapeotlon  [Servloel. 

The  thlok  radiation  ahieldlng  of  the  nuoXaar  reaotora 
and  their  location  In  a  aeparate  aaotlon  of  the  loebraaker 
aaaure  that  the  non-duty  houra  of  the  peraonnel  are  apent  In 
a  zone  where  the  radiation  lewala  are  oloaa  to  natural  baok- 
ground  (l.e,,  the  background  due  to  ooaale  raya  and  natural 
radioactive  oaterlala).  Over  an  eight-hour  watoh»  the  total 
Irradiation  doae  doea  not  exceed  0.1  of  the  aaxlaua  dally 
occupational  doae  [eee  note]»  which  la  not  acre  than  0.05 
reb.  The  strength  of  the  doee  received  by  the  peraonnel 
In  the  working  oonpartaanta  doea  not  exceed  0.5  aiororeba/eeo • 
Thle  la  0.3  of  the  aaxlaua  peralaalble  doae  for  an  8-hour 
working  day.  [Notet  Rare  we  have  In  wind  the  aaxlaua  perala¬ 
alble  dally  doae  for  Mraona  eonatantly  working  with  aouroea 
of  ionizing  radlatlcttj. 

All  of  the  NPP  equlpaent,  Including  the  reaotora* 
technological  loopa.  auxiliary  aechanlaaa.  circulation  puapa* 
steam  generatora,  filtere,  and  all  eoBBunioatlone  channels 
are  located  In  the  so-oalled  central  aeotlon  (OS).  The  CS 
is  limited  by  the  prlaary  contour  of  baale  biological 
shielding  and  la  an  isolated  aeotlon  having  special  ventila¬ 
tion  with  ejection  of  air  Into  the  outer  atmosphere  through 
the  rear  mast-pipe.  The  reliable  Insulation  of  the  central 
section  Is  assured  by  a  degree  of  air  rarafaetlon  within  It 
which  prevents  the  spread  of  gas  and  aerosol  activity  ovar 
the  ship  in  case  of  its  appearance. 

Access  to  the  central  coapartmenta  may  be  had  only 
through  special  sanitary  cabins  In  which  thara  is  a  radio- 
metric  survey  made  of  the  personnel  and  their  clothing. 

At  the  head  of  the  radiation  safety  service  aboard 
the  Icebreaker  (RSS)  la  the  Sartlea  Chief  who  has  the 
responsibility  of  its  general  and  teehnloal  direction  and 
Is  answerable  dlreotly  to  the  NPP  Chief. 

The  direction  of  RSS  o^ratlons  la  oantzullzad  at 
the  central  dosimetry  station  (CDS)  located  on  the  lower 
deck  (starboard)*  in  the  neighborhood  of  the  central  section 
(but  outside  It),  The  CDS  oontalna  all  of  the  aecondarv 
meaaurement  and  signalling  devloas  which  allow  the  doalmatrlat 
on  watch  to  maintain  survelllanca  of  the  radiation  environment 
of  the  Icebreaker.  The  CDS  oontalna  the  central  signal -control 
dosimetric  control  panel  (3CD0F)  which  has  a  mnennonlo  aoheme 
of  the  basic  eommunlcationa  of  all  three  reactors  with  ths 
signal  lights  mounted  In  the  apparoprlate  places,  Hsxt  to 
the  mnemonic  scheme  *  the  panel  has  a  scheme  of  points  for 
ooatrolllng  the  secondary-loop  steam  activity  and  points 
of  air  intake  for  ship  ventilation  puposes.  Partitions  In 
the  CDS  also  contain  all  secondary  oontrol-naaaureaant  Ins¬ 
truments  of  individual  dosimetric  systema,  as  wall  aa  signalling 

109 


and  oommunloatlons  equlpnent. 

The  loebraakar  baa  a  oolor-oodad  iiaralag  ayataa 
which  parmlta  ona  to  gain  a  quail tat iwa  Idaa  aa  to  tha 
charaotar  of  tha  radiation  dangar.  Tha  follovlBg  color  ooda 
has  baan  adoptadi  grdta*  -»  paralaalbla  radiation  laral; 
yellow  —  naxlmua  parnlaalbla  laval  of  radiation;  rad  — 
dangaroua  laval  of  radiation;  violet  »  nazlhun  parnlaalbla 
level  of  ooneantratlon  of  radioactive  gaaaa  and  aaroaola* 

The  oolor  algula  appear  on  tha  aaoondary  Inatrunanta 
Inatallad  In  the  003  and  tha  8000P.  Oolor  algnal  ll^ta  are 
alao  Inatallad  at  tha  doalnatar  plokupa*  In  addition*  alnl- 
lar  aqulpnant  la  Inatallad  at  aona  antranoaa  to  oonpartaanta 
of  tha  oantral  aaotlon  along  with  aound  warning  ajratana 
providing  paraonnal  with  an  Idaa  of  tha  atata  of  thaaa  com- 
partnante  prior  to  thalr  entry.  Beyond  tha  03*  auoh  oolor 
signals  are  Installed  only  In  tha  paaaagawaya  of  tha  upper 
deck  by  tha  living  quarters  In  tha  area  of  tha  reactor 
ssetlon  (ona  on  each  side). 

Upon  a  change  In  tha  radiation  aavlronnant,  a  thresh¬ 
old  signal  la  triggered  In  the  warning  systan;  aa  a  result* 
light  and  sound  signals  are  produced.  Tha  doslnatrlst  on  duty* 
having  heard  tha  ball  and  aeon  tha  signal  light*  aaasuras 
tha  radiation  laval  or  oonoantratlon  of  radioactive  natarlals* 
and  makes  tha  nacassary  daolalon.  Tha  CDS  la  equipped  with 
a  talaphona  and  Intercom  ays tan  whloh  assures  afflolant  con¬ 
trol  and  rapid  Information  to  tha  N?P  ohlaf  who  aa  a  rule  la 
to  be  found  In  tha  power  station  containing  tha  R?P  oontrol 
apparatus • 

If  neessaary*  the  doalmatrlst  on  watoh  sands  out  tha 
junior  doslnatrlst  to  ohaok  tha  radiation  environment  on 
tha  spot  or  to  obtain  additional  readings  with  tha  aid  of 
portable  Instruments  kept  In  tha  CDS.  Tha  results  of  all 
measurements*  reasons  for  ohangas  la  tha  radiation  environ¬ 
ment,  and  oozTaotlva  maasurss  are  raglstarad  by  tha  dosl- 
metrlst  In  spaolal  logs.  Regular  maasuranants  are  taken  of 
radiation  levels  and  oonoafttratlozM  of  radioactive  materials; 
the  results  are  recorded  on  a  special  plan  of  tha  ship 
showing  the  controlled  oo^^artmants  of  tha  vassal. 

A  general  view  of  tha  SCDCP  of  tha  atomlo  loabraakar 
"Lanin"  Is  given  In  Pig  42.  Pig  43  shews  a  photograph  of 
the  HPP  oontrol  panel  La  tha  power  station. 

25.  Control  of  Penetrating  Radiation  Lavsls 

git 

Oamma  radiation  levels  In  tha  oompartmants  of  tha 
central  section  and  adjacent  oompartmants*  tha  loabraakar 
has  stationary  Indicator  and  signalling  gamma -roantganomatars. 
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G^mna  doelmet«r  pickups  mrs  installed t 

In  compartments  next  to  the  rsaotor  shlslding  and  In 
the  compartment  over  the  reactors  which  contain  the  servomotors 
of  the  control  and  protection  sjrttem  irtxioh  personnel  enter 
periodically  to  check  the  automatic  apparatus} 

along  the  sides  and  passagew&3rs  of  the  upper  deck 
in  the  reactor  section  asrea} 

in  the  compartment  under  the  reactors  the  so  •called 
thermal  control  pickup  compartment. 

The  stationary  gamma  dosimeters  on  the  icebreaker 
are  signalling  and  indicator  instruments  with  three  ranges 
of  dose  strength  measurement t  0»05*1 »  0.5*10,  and  1-100 
micro roentgens/seo. 

The  warning  signal  aotuatioh  threshold  is  established 
within  limits  from  0.2  to  100  microrosntgtas/sse »  i>e. 
within  the  limite  of  praetioally  the  entire  measurement  range. 

The  measurement  acouracy  is  one  the  order  of  ♦lO^. 

As  detectors,  the  pickups  employ  halogen  counters  which  assure 
long  and  reliable  instrument  service  under  various  temperature 
conditions . 


The  sole  source  of  neutrons  is  the  reaotor  aotivs  sone. 
For  this  reason,  neutron  pickups  are  mounted  in  the  direction 
of  most  probable  neutron  escape  —  in  the  protsotion  and  con¬ 
trol  compartment  andounder  the  central  section  in  the  thermal 
control  pickup  compartment.  The  pickup  of  the  fast  neutron 
dosimeter  represents  a  high-efficiency  scintillation  dstsotor 
of  fast  neutrons  in  combination  with  a  photomultiplier.  In 
the  neutron  energy  range  of  0.5-20  msv,  the  effeotivensss  of 
registration  of  fast  neutrons,  equal  to  an  average  of  O.T^t 
varies  analogously  to  that  for  human  body  tissues;  this  is 
of  extreme  importance  to  the  oorrsot  svainatlOB  of  the 
biological  effect  of  fast  neutrons.  Owing  to  the  high  sensiti¬ 
vity,  the  signalling  threshold  of  the  fast-neutron  dosimeter 
can  be  regulated  within  limits  of  3.5  nsutrons/omSssc  to  3.3* 
10^  neutrons/cm^sec.  This  device  is  Insensitive  to  stnng 
gamma  ray  fields  of  up  to  500  mlororosntgsns/seo. 

26.  Radiometry  of  Afitive  Kaitorials  Beyond  the  Umits 
of  the  Primary  Oontour  LIaosJ 

As  is  known,  radioactive  substances  can  spread  in 
the  form  of  radioactive  gases,  aerosols,  and  beta -contamination 
of  various  surfaces. 

In  planning  and  designing  the  atomic  icebreaker, 
special  attention  was  devoted  to  the  provision  of  various 
means  of  controlling  the  purity  of  Its  air  both  with  respect 
to  radioactive  gases  and  aerosols.  The  gas  and  aerosol 
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Figure  42,  Dosimetric  control  panel  on  the  atomic  ioehreaker 
'•Lenln“. 


Figure  43.  Reactor  control  panel  in  the  pomer  station  of 
the  atomic  Icebreaker  "Denin”. 

radiometers  were  installed  for  the  following  purposeat 

1 )  Control  of  the  hermetic  seal  of  the  primary  loop 
is  maintained  with  the  aid  of  gamna  radiomatere  whose  pickups 
are  installed  at  most  probable  leakaM  points  or  most  effeo- 
tlve  control  points,  these  are  as  follows: 

main  water  takeoffs  of  the  auxiliary  loop  from  the 
filter  coolers: 
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.  I ry-locp  ':-t.ea:"!  rires  after  the  steam  Reneretors 
cohno-'ners  of  min  and  auylllary  turboaRfr.reRates , 
The^e  Ramma  radlometere  consltltute  six-channel 
instruments  v.'lth  dose  measurement  limits  from  0,1  to  20 
micro  roertrer.  s/sec, 

■’hi'  *hre8hold  of  wamlnf?  slsrnal  trl»»rerlnR  Is  set 
Vi  fain  limits  from  0.2  to  20  mleroroentp-ens/see ,  Aurillary 
measurement  hevicea  are  Installed  in  the  CCS,  A  block  diagram 
of  these  ramma  radiometers  is  shown  In  Plr  44, 

Flm  ^6  showed  a  dlaciram  of  Ramma  radiometer  rcountlnr 
cr  a  steam  rire.  The  hljrh  temperature  at  the  surface  of  the 
rteam  pire  irsulatlon  (over  50“ C)  made  water  cooling  of  the 
T'lc'mur.-  necessary, 

2)  Control  over  the  air-steam  mixture  in  the  turbo- 
menerator  condensers  Is  realized  with  the  aid  of  srs  beta 
^aaiometers .  Upon  disruption  of  the  hermetic  seal  of  the 
steam  generators,  the  urnseous  fission  fratrments  —  krypton, 
yenon,  et  al.,  —  vfill  unavoidably  enter  the  steam  in  the 
secondary  loop  alonp  with  the  primary  heat  transfer  a/rent 
and  be  fixed  by  the  radiometers,  iv’lth  the  aid  of  these  ras 
teta  radiometers,  It  is  possible  to  spot  the  faulty  steam 
-enerator  ranldly  and  shut  It  off. 


Firure  ^4,  Clock  diagram  of  six-channel  f»mnia  radiometer, 

1  —  normall.ratlon  and  si.«-nalllnn*  block;  2  —  feeder  block, 

?)  Control  over  nrlmary-loop  leakage  Is  maintained 
likewise  by  rr.easurlnp  the  concentration  of  radioactive 
'■erosols  In  the  air  of  the  central  section  compartments, 
which  lr,  done  with  the  aid  of  special  radioactive  aerosol 
radiometers. 


As  the  continuous-control  radiometers,  the  Icebreaker 
has  flow-through  beta  radiometers  whose  pickups  are  mounted 
are  mounted  in  the  ventilation  ducts  from  the  steam  genera¬ 
tor  and  main  circulation  pump  compartments  and  the  compartments 
containing  the  protection  and  control  apparatus  and  thermal 
control  pickups.  In  the  first  group  of  these  compartments, 
the  devices  are  Intended  to  measure  the  rigid  beta-radiation 

from  nuclei  and  operate  in  the  range  from  5*1 0"^  to 
curle/llter  with  a  gamma-radiation  background  of  up  to  0.02 
mlcroroentgens/sec.  In  the  second  group  of  compartments,  the 
presence  of  a  leak  from  the  first  loop,  the  air  activity  is 
determined  mainly  by  the  fission  fragments  or  the  activated 
corrosion  products  of  the  primary-loop  steel  (chromium,  man- 
vaneae,  nickel,  and  iron).  Per  this  reason,  the  pickups  of 
the  flow-through  gas  dosimeters  at  these  points  will  be  acted 
upon  by  beta  particles  of  a  wide  energy  range.  In  a  number  of 
cases  the  pickups  are  Installed  in  specially-widened  portions 
of  ventilation  channels  (“counting**  enclosures)  whose  size  and 
shape  v?era  calculated  theoretically  In  advance. 


Figure  45.  Diagram  of,  air  ejection  through  mast. 

1  —  Malamst;  2  —  Filter;  5  —  Central  section;  4  — 

Ventilator  cubicle. 


The  ventilation  ejector  pipes  are  broUfs;ht  out  along 
the  side  of  the  ship  Into  the  mainmast  of  the  icebreaker 
which  is  a  hollow  -shaped  tube  about  23  meters  In  height. 

Both  ejector  channels  contain  flow  through  gas  beta -radiometers 
In  addition,  a  certain  portion  of  this  air  flow  Is  continuously 
pumped  through  the  Ionization  chamber  of  a  “Cactus ”  device 
which  permits  additional  control  of  the  specific  activity  of 
ejected  air. 

Figure  45  Is  a  diagram  of  the  air  ejection  channel 
from  the  reactor  section  through  the  ventilation  and  main- 
mas  t . 

The  Icebreaker  likewise  has  a  system  of  radiometric 
Instruments  for  periodic  measurements  of  aerosol  concentra¬ 
tions  in  the  air  of  reactor  section  compartments.  The  opera¬ 
ting  principle  of  this  system  Is  described  in  Chapter  IV, 

The  air  samples  for  periodic  measurement  of  aerosol 
concentrations  are  taken  from  the  following  compartments : 

the  stem  and  stern  compartments  containing  the  main 
and  emergency  circulation  pumps; 

thermal  control  pickup  compartments; 
ballast  pump  compartments; 

protective  and  control  equipment  compartments, 
in  addition,  control  Is  maintained  over  the  air 
in  the  ventilation  systems  along  which  the  air  Is  pumped 
from  the  reactors.  The  air  Is  likewise  sampled  ahead  and 
in  front  of  the  anti-aerosol  filters,  which  makes  It  possible 
to  assess  their  operation  and  the  extent  of  failure  to  remove 
radioactive  materials. 

The  pickups  of  the  system  of  radiometric  aerosol 
control,  flow  meters,  and  electromagnetic  valves  are  located 
in  a  special  ventilation  compartment  in  the  central  section 
area,  whose  air  Is  likewise  ejected  through  the  mainmast. 

Fig  M  shovrs  a  longitudinal  cross-seotlon  of  one  of 
the  reactors  which  makes  It  possible  to  trace  the  movement  of 
the  heat,  transfer  agent  in  the  primary  loop.  Prom  reactor  1 
the  bldlstlllate  moves  through  two  pipes  to  generators  2  and 
then  to  circulation  pumps  3,  through  which  it  returns  to  the 
reactor,  closing  the  primary  loop.  In  addition,  there  are 
auxiliary  branchings  from  the  primary  loop  to  filters  5, 
emergency  circulation  pumps  4,  and  then  to  the  pump  motor 
cooling  colls. 

The  basic  discontinuous  joints  on  the  primary-loop 
equipment  which  may  give  rise  to  leakage  of  the  radioactive 
heat  transfer  agent  are  the  reactor  tops,  protective  and 
control  rod  drives,  slide  gaskete,  volume  compensators, 
main  clculatlon  pumps,  and  emergency  circulation  pumps, 

Near  these  joints  are  epeolal  leakage  colleotore. 

The  Icebreaker  features  continuous  control  of  the 
active  heat  transfer  agent  and  periodic  measurements  of 
Its  components: 
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a)  with  respect  to  the  Intensity  of  gamma  radiation 
of  the  heat  transfer  agent,  analogously  to  a  multl-ohannel 
technological  gamma  radiometer. 

The  pickup  In  this  control  system  Is  mounted  on  the 
primary-loop  bypass  at  a  point  where  the  rigid  gamma  back¬ 
ground  due  to  oxygen  activity  Is  significantly  lowered.  The 
secondary  block  of  this  measuring  Instrument,  as  all  others, 
is  installed  in  the  ODS; 

b)  with  the  aid  of  periodic  radlochemloal  analysis 

of  heat  transfer  agent  samples  carried  out  In  the  radloohemlcal 
and  radiometric  laboratories  of  the  loebreaker. 

In  practice  It  Is  assumed  that  the  attainment  of 
bldiatlllate  activity  of  10-2  eurle/llter  Indloates  an  NPP 
emergency;  however,  exploitation  can  be  continued  to  a  level 
of  10-1  curle/llter  In  the  absence  of  dangerous  leaks  as 
determined  by  the  above  methods. 

27.  Radiometrv  of  Sewage  Water  from  Reactor  Section 

A.11  waters  contaminated  by  radioactive  materials 
are  stored  aboard  the  Icebreaker;  they  are  collected  In 
special  tanks. 

Among  these  waters  are  hlghly-active  water  (heat 
transfer  agent)  from  the  primary  loop  and  low-activity  waters 
from  the  deactivation  of  compartments,  equipment,  clothing, 
and  bathing  of  reaetor-eectlon  staff.  The  specific  activity 
of  these  waters  on  the  Icebreaker  as  a  rule  does  not  exceed 
10-2  eurle/llter  for  a  hlghly-active  primary  heat  traxxsfer 
agent  and  10*®  eurle/llter  for  low-aetlvlty  waters.  The 
former  is  treated  In  a  special  purification  plant  aboard 
ship  which  employs  Ion-exchange  filters. 

To  measure  the  specific  activity  of  sewage  waters, 
special  gamma  radiometers  are  Installed  on  the  vessel.  The 
determination  of  specific  activity  by  gamma  radiation  turned 
out  possible  Inasmuch  as  It  was  shown  experimentally  that 
the  composition  of  radloaotlve  oontamination  In  the  distil¬ 
late,  and  therefore  the  ratio  of  beta  and  gamma  Intensities 
are  practically  constant  for  a  wide  variety  of  KPP  operating 
regimes. 

The  gamma  radiometer  plokups  are  Installed  before  and 
after  the  sewage  filter  and  make  It  possible  not  only  to 
determine  the  specific  activity  before  and  after  filtration, 
but  also  the  efficiency  of  the  filter. 

Guided  by  the  readings  of  these  gamma  radiometers, 
the  Icebreaker's  dosimetry  service  oan  If  need  be  determine 
the  necessary  degree  of  dilution  of  sewage  waters  before  dispo¬ 
sal  overboard.  It  should  be  noted  however  that  the  disposal  of 
waters  overboard  Is  employed  only  under  exceptional  circum¬ 
stances  (and  In  strict  accordance  with  International  regulations 
when  these  are  promul^ted),  far  from  shores  and  fishing  waters. 
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kflth  normal  NPF  operation,  such  a  need  does  not  arise,  and 
the  capacity  of  the  sewage  tanks  is  sufficient  to  hold  all  the 
liquid  vastee  from  the  central  section  ever  the  entire  voyage 
of  the  icebreaker. 

?B.  Radiation  of  the  Non-Technienl  (Bytovaya)  Ventilation 


The  non-taehnleal  ventilation  system  of  the  icebreaker 
draws  air  from  several  points  at  the  upper-deck  level.  In 
case  of  fir?  malfunctions,  when  the  air  ejected  from  the  central 
sec+lon  through  the  mainmast  can  have  a  specific  activity  over 
1 0“9  curle/llter,  it  Is  necessary  to  control  the  specific 
activity  of  air  taken  in  by  the  ventilation  system.  Per  this 
purpose",  at  all  points  of  sntry  of  fresh  air  the  icebreaker 
has  pickups  for  measuring  gas  activity  described  above.  The 
pickups  are  Installed  in  the  ventilation  ducts,  while  the 
measuring  Instrumante  are  usur-lly  in  the  CDS, 

In  accordance  with  calculations,  even  in  the  case 
of  an  unfavorable  KPP  regime,  the  concentration  of  radioactive 
gases  in  air  entering  the  compartments  will  not  erceed  10"10 
curie  per  liter  due  to  natural  dilution,  which  is  not  higher 
than  the  marlmum  concentration  of  argon-^1  for  living  quarters, 

29.  Radiometrv  of  the  Surface  of  the  Body.  Clothing.  Foot¬ 
wear  and  Individual  Dosiroeters 

In  the  sanitation  eablt  at  the  exit  of  the  central 
sec  tier;  there  is  a  local  stationary  beta  radiometer  which 
me  niters  the  beta  contamination  of  the  surface  of  the  body, 
hanris,  feet,  and  clothing  of  each  staff  njemeber  leavln? 
the  section.  Analogous  devices  are  installed  in  the  ereclai 
laundry  and  nresslng  room  for  controlling  the  deactivation 
of  rrotectlve  clothing  and  weeding  out  contaminated  items. 

As  beta  detectors  these  pickups  employ  halogen  coun- 
tprs.  I’he  Instrument  permits  measurements  within  limits  from 
1  to  1 0^  beta-partlcle8/mln«30  cm^. 

All  of  the  personnel  working  in  the  central  section 
are  provided  individual  dosimeters  by  means  of  which  they 
control  their  total  radiation  dose.  These  portable  devices 
include ; 

1 )  pocket  electroscopes  with  a  range  of  up  to  200 
mlliiroentgens  and  visual  scale; 

2)  KID-4  pocket  dosimeters  with  two  ranges:  up  to 
200  mllllroentgans  and  ?  roentgens.  The  device  operates  on 
the  principle  of  condenser  discharge  in  an  external  radiation 
field.  The' chamber  readings  are  registered  with  the  aid  of  a 
device  In  stalled  in  the  CDS; 

3)  the  film  badge  --  a  plastic  translucent  casette 

containing  a  niece  of  film  of  a  certain  sensitivity.  The 
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degree  of  Irradiation  revealed  upon  development  ie  proportional 
to  the  total  dose.  This  method  makes  It  poselble  to  measure  a 
total  dose  of  up  to  1 5  roentgens; 

4)  the  "nutoraeker"  signalling  gamma  radiometer  vhloh 
emits  a  clicking  signal  proportional  to  the  gamma  Intensity; 
the  clicks  are  heard  In  the  headphone  and  a  flashing  light 
provides  a  further  means  of  indication. 

Among  the  individual  dosimetric  devices  Is  likewise 
the  r^mma  radiometer  Installed  In  the  Icebreaker's  medical 
block  which  measures  the  concentration  of  lodlne«1 31  in  the 
thyroid.  The  hlgh-sensltlvlty  eclntlllation  detector  of  this 
radiometer  in  combination  with  the  photomultiplier  makes  it 
poselble  to  measure  iodine-131  from  Its  gamma  radiation  with 
a  sensitivity  of  0.02-0,04  mloroeurle,  whileh  Is  equivalent  to 
l/5-l/lO  of  the  maTlmuB  permissible  content  of  this  Isotope 
in  ths  human  organism. 


30,  Portable  Dosimeters 

In  addition  to  the  stationary  dosimeters  installed 
on  the  Icebreaker,  there  are  a  number  of  portable  dosimeters 
and  radiometers  which  are  used  to  carry  out  various  supple¬ 
mentary  and  control  maasuramanta  of  gamma  radiation,  fast 
neutron  streams,  and  the  beta  contamination  of  surfaces  and 
equipment. 


flp-urf!  46.  Portable  device  for  measuring  gamma -radiation 
levels  (P?*TR-1  type).  Scale  graduated  In  mlcroroentgens/sec. 

Among  the  portable  devices  are: 

1 )  ft.  gamma  dosimeter  with  measurement  limits  from 

0.1  to  mlcroroentgens/sec; 

2)  a  fast-neutron  dosimeter  analogous  in  speoiflcations 
tc  the  stationary  Instrument; 
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3)  rod-typo  bota-^mma  radionoter  with  which  the 
doflimetrlst  can  measure  beta  atreame  and  gamna  radiation 
doses.  Thle  device  la  employed  by  the  doeimetrlet  on  duty 
In  checking  the  contamination  of  equipment,  mechanisms,  and 
deck  and  wall  surfaces.  < 

?he  Instrument  has  the  following  ranges:  from  1  to  10^ 
beta  partlclea/mln«30  cn^j  for  gamma  radiation  —  from  0,1  to 
£000  mlcroroentgens/seo. 

The  portable  instruments  are  kept  In  the  CDS. 

Fig  46  shows  a  portable  dosimeter  for  measuring 
gamma  radiation  levels. 


Figure  47,  The  atomic  icebreaker  "Leaia". 

^  4 

geafli-ittAga 

An  operational  check  of  the  entire’  dosimetric  system 
of  the  Icebreaker  was  oarrled  out  during  its  first  arctlo 
voyages  In  I960  and  1961.  The  oomprebensive  and  careful 
program  of  tests  showed  that  the  dosimetry  service  was 
successful  In  fulfilling  Its  tsohnloal  tasks  and  was  capable 
of  assuring  total  control  of  the  radiation  environment  of 
the  ship.  -  „  M 

Fig  47  Is  a  photograph  of  the  Icebreaker  ”Lenln". 
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Chapter  VIII 


SO>!E  INyORMATIOH  ON  RADIATION  SAFETY  MEASURES  ON  FOREIGN 

SHIPS  WITH  NPP 


31 .  The  Pas aenger "Cargo  Ship  “Savannah” 

This  section  containe  some  data  on  the  freighter 
"Savannah"  being  built  by  the  US.  Unfortunately,  the  publlabed 
data  are  of  a  general  character  and  do  not  contain  a  full 
description  of  the  dosimetric  control  systen. 

This  ship  uses  a  water-water  reactor  with  a  fuel 
consisting  of  uranium  dioxide  (UO2)  with  a  4^  enrichment 

with  U-?35. 

The  general  plan  of  the  ship  Indicates  that  the 
reactor  section  Is  located  In  the  middle  portion  of  the 
hull  ahead  of  the  engine  room  containing  the  main  turbines 
and  all  of  the  auxiliary  secondary-loop  mechanisms.  The  NPP 
reactor  Is  surrounded  by  primary  radiation  shielding  which 
lowers  the  streams  of  penetrating  radiation  down  to  permis¬ 
sible  levels  for  the  strlct-reglme  ^one.  For  the  purpose  of 
lowering  the  strength  of  the  dose  in  the  compartments  next 
to  the  reactor,  the  basic  primary-loop  equipment  (pipes, 
steam  generators,  and  primary-loop  circulation  pumps}  and 
a  considerable  portion  of  the  auoillary  equipment  are  enclosed 
In  a  secondary  shield  of  oylindrloal  fora.  It  is  Interesting 
to  note  that  the  weight  of  the  shielding  Is  about  50^  of 
the  weight  of  the  nuclear  power  plant. 

The  dosimetric  control  system.  The  control  of  radiation 
levels  and  concentrations  ot  raaloactlve  gases  and  aerosols  on 
the  ship,  It  Is  equipped  with  dosimeters  persiitting  the  follow¬ 
ing  types  of  control: 

a)  fragment  activity  of  the  primary-loop  heat  transfer 

agent; 

b)  activity  of  water  in  the  steam  generator  capable 
of  arising  due  to  prlnaiy-loop  leakage; 

c)  activity  of  water  in  the  auxiliary  loop  capable 
of  arising  due  to  leakage  from  the  structural  elements  of 
the  primary  loop; 

d)  activity  of  water  at  filter  takeoffs  indicating 
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a  reduction  of  filter  efficleacy  and  the  neceselty  to  replace 
the  resin  filter j 

e)  activity  of  air  la  the  reactor  eectlon  with  respect 
to  aorosols  which  can  arise  as  a  result  of  primary -loop  lealcage; 

f)  levels  of  penetrating  radiation  In  various  ship 

compartmente , 

The  dosimetric  apparatus  Includes  the  following  Ine- 
truments. 


FTTH  Jil  J  W ! 


tioi&p!icai  dosiwetpr).  These  devices  have  three  meaeurlng 
hannelB ,  two  of ' wSlen  are  equipped  with  elx  pickups  located 
in  various  ship  compartments  which  measure  the  levels  of 
Ionizing  radiation.  On  the  control  panel,  in  addition  to 
the  indicators,  are  recorders  which  continually  record 
registration  levels*  The  third  channel  has  three  pickups 
which  are  used  to  determine  the  poselblllty  of  accees  inside 
the  biological  shielding  and  the  filter  compartment* 

Statiojaarv  technologlcaal  doslmetrv  devicjiB  *  The 
Instruments  have  five  measuring  channels*  The  first  of  these' 
(channel  No  4)  is  equipped  with  five  pickups  controlling  the 
leakage  of  active  water  from  the  primary  loop  inno  the  second¬ 
ary  one.  The  second  and  third  channels  (No  5  and  6)  each  with 
one  pickup  measure  the  activity  of  water  In  the  second  loop 
for  the  purpose  of  detecting  leakage  from  the  primary  loop* 
Channel  No  7,  also  with  one  plokup,  Is  used  to  register  the 
appearance  of  radioactive  fragments  from  damaged  heating 
elements  In  the  primary-loop  heat  transfer  agent,  Channel 
No  8  is  so  determine  the  state  of  Ion-exchange  filters  euid 
indicate  the  necessity  of  replacing  filter  e?.  fientLi  upon 
saturation  with  radioactive  materials. 


ntrol 


hese  devices  have  eight 


Stations 
and  aeros 

measuring  channels  with  one  pickup  In  each  channel*  Pour  of 
them  (No  9,  il,  13,  and  15)  are  Intended  to  measure  radio¬ 
active  aerosule,  and  the  others  (No  10,  IS,  14, and  16)  to 
measure  radioactive  gases* 

Under  normal  conditions  the  gaseous  wastes  are 
e;lectod  Intc  the  atmosphere  through  the  hollow  mast*  ?or  the 
case  where  the  active  gae  exceeds  the  autzlmum  permleelhla 
level.  It  le  poeslhle  to  dilute  It  with  fresh  sir  to  the 
required  concentration  or  purify  It  of  radioactive  Inert 
gases  with  the  aid  of  a  special  facility  for  this  purpose. 
Portable  doelmetere.  The  ship  hae  a  full  complement 
of  portable  devices  tor  controlling  and  studying  various 
types  of  Ionizing  radiation  at  any  point  on  the  ship  and 
determining  Integral  radiation  doses  In  the  etrlot-reglme 
zone. 

The  plans  Inco^'pcrate  a  warning  system  brought  out 
onto  the  main  NPF  control  panel* 
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Table  15  gives  plan  data  on  the  expected  radiation 
levels  in  the  various  compartments  of  the  "Savannah".  Prom  it 
ve  see  that  the  caloulated  levels  are  camparable  to  the 
the  level  of  the  natural  background  radiation. 


aalculated  Radiation 


Location  of 
compartment 


Passenger 

compartments 

Crew 

compartments 
Compartments 
outside  sec¬ 
ondary  radi¬ 
ation  shiel¬ 
ding 

Inside  secon¬ 
dary  radia¬ 
tion  shield¬ 
ing 
Same 


Reactor  sec¬ 
tions  during 
refueling 
Cargo  holds 


Working 

conditions 

Acceee  to 
compartment 

Calculated  dose 
of  imdiatlon 

Noimal 

Any  time 

500  mill ire bs 
per  year 

M 

Closed  to 

5  rebs  per 

II 

passengers 

Limited 

year 

100  microcuriee/ 
meter  per 
week 

When  reactor 
operative 

Off  limits 

Very  high 

Reactor  opera^ 
ting  over  one 
half  hour 

Limited 

200  micro our lee/ 
meter  per 
week 

Reactor  opera¬ 
ting  over  10 
days 

l/5  maximum 

H 

Controlled  by 
doBlmetrist 

power 

Not  limited 

1 500  millirebe 
per  year 

Heat  transfer  agent  purlf lea tlpn.  To  maintain  the 
purity  of  the  primary-loop  heat  transfer  agent,  the  "Savaxmah" 
Is  to  have  a  special  water  purification  syatem.  It  must  assure 
the  removal  from  the  primary  loop  of  all  foelgn  Impurities  and 
insoluble  solid  particles.  Including  products  of  metal  erosion 
and  corrosion,  as  well  as  fission  fragments  which  can  enter 
the  primary  loop  upon  damage  to  the  heating  element  ehells. 

The  plan  llkwise  envisages  the  installation  of  ion-exchange 
f 3 1 ^6  TS 

* Removal, of.  radioactive  waetefl,  from  the, ihin.  The 
NPP  plan  of  the  "Savaxmah"  includes  means  of  removing  radio¬ 
active  wastes  from  the  ship  during  operation  —  liquid 
wetes  (radioactive  waters),  air  from  the  reactor  section,  and 
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ventilation  nas  from  the  raiiloactlve  >7ttter  sotraits  tanks. 

The  radioactive  air  Kill  be  ejecteo  through  one  of  the 
ir.awts  after  parsing  Hirou^-h  aerosol  filters.  Various 
radioactive  waters  must  be  drained  into  special  cisterns . 

The  latter  are  equipped  with  suff.icient  radiation  shleldlnp; 
which  assurer  the  pofislhlllty  of  retention  of  radioectlvlty 
cf  co'u^lc arable  levels  {emlttlntt  doses  of  up  to  300  mllli- 
r 0  p : .  t  i'e ns /h ou r ) . 

The  active  primary-loop  heat  transfer  agent  can  also 
dralnca  into  a  special  cistern. 

'rhe  entire  system  for  radioactive  waste  disposal 
j planned  In  auch  a  way  that  the  presence  of  fission  frag- 
rientc  in  t}:e  liauld  wastes  vrlll  not  hinder  the  exploitation 
of  tv.e 

The  overboard  disposal  of  liquid  radioactive  wastes 
will  bs  possible,  althourh  the  builders  point  out  that 

1’  will  be  prsploved  only  upon  the  promulgation  of  the  rele¬ 
vant  lr.ter"-'i  t' onnl  rules  perml  ttlnc  such  operations.  Up  to  • 
that  time,  tr.“  '’Savannah"  will  dispose  of  its  radioactive 
wastes  with  ths  aid  of  a  specially  planned  and  constructed 
bar-;.’  d.u  icned  for  offshore  operation  and  having  the  follow¬ 
ing  bu:-r' c  specif  icatlons  : 


Len  vth  ,  m'C  ters . . . . .  39 

'■>  : ,  r.'f;  ters. 

Trait  wlTh  full  load,  meters...,.,, . .  4,4 

:io  rk  ir.g  d  i  f:r  lacoment ,  tons . . .  760 

Radiation  shield in<^  vreicht,  tone  . . . '^250 


arc 

Iny 

■'  he 


The  ship  must  ha.ve  fftcilltleB  for  the  serv icing 
,plr.tanance  of  reactors,  recelvinp;,  treati'.,.er!t  .'.ind  sort- 
of  niiclear  fuel  refinants  and  all  other  radio.? '.1  ive  wastes, 
hold  has  strlct-reKlrne  compartments  (the  '‘d.trty"  zone). 


radioactive  water  tanks,  and  heating  element  and  control  rod 
cevpartments ,  Above-  these  are  the  engine  room,  malntenence 
shops,  and  storerooms.  These  can  be  deactlveted  if  the  need  arl 


sc;-..  The  surerstruoture  contains  the  living  and  non- technical 
(b.vtcvyye)  compartments,  as  well  as  the  control  post.  The 
erAire' superatructure  is  a  "clean"  sons.  Loading  and  unloading 
of  beatinr  elements  on  the  "Savannah"  is  carried  out  hy  means 
of  a  9-ton  crance.  mounted  on  its  upper  deck.  The  "c!lrty"-zone 
oomcartrcents  are  equipped,  with  a  separate  ventilation  system. 
.Ur  is  removed  tbrouf^h  filters.  The  air  radioactivity  is 
ccni rolled  bv  means  dosimeters.  Purified  water  can  be  taken 
tack  .-Hboarrj  the  "Savannah".  A  number  of  operations  are. 
automated.  The  ship  la  staffed  with  15  technicians. 


32.  US  T-'uclear  Submarines 

'’■•he  material  in  this  section  is  taken  from  foreign 
,-‘iOurrjH:i isee  note]  and  somewhat  exceeds  the  limits  of  our 
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work:  due  to  the  specificity  of  radiation  safety  problems  on 
nuclear  submarines.  Indeed,  in  the  submerged  state  the  sub¬ 
marine  is  totally  isolated.  There  is  no  opportunity  for 
air  e.1ectlon  or  the  disposal  of  ralioactive  gases  and  aero¬ 
sols.  In  addition,  the  weight  limitations  and  internal 
dimensions  of  submarines  require  the  greatest  possible 
limitation  of  the  size  and  weight  of  radiation  shielding. 
These  requirements  impose  rigid  specifications  on  the  KPF 
vrith  respect  to  radiation  safety.  Esentlally,  the  radiatio^n 
environment  of  a  nuclear  submarine  determines  its  basic 


characteristic  —  underwater  autonomy.  Under  these  conditions 
dosimetric  control  which  determines  the  possibility  of  pro¬ 
longed  presence  of  personnel  in  sealed  compartments  assumes 
great  Importance,  fNote:  Medical  Technical  Bulletin.  No  6, 
195?';  "The  Power  Plant  of  the  Nuclear  Merchant  Ship  N.S.'*, 
Journal  of  the  American  Society  of  Naral  Engineers.  Vol  70. 


,  Vol  70, 
.  1958; 


'’Nuclear  Power  Des 
Inz  News .  Vol  29,  No  10, 


'^he  first  US  nuclear  submarine,  the  "Nautilus"  uses 
a  h{!terogeneous  water-water  slow-neutron  reactor.  The  "Sea 
Wolf"  had  an  experimental  reactor  using  liquid  sodium  as  the 
heat  transfer  agent.  However,  tests  showed  the  unsuitability 
of  the  sodium  system  due  to  the  great  gamma  activity  which 
led  to  a  considerable  increase  in  weight  and  size  of  the 
radiation  shielding  and  the  dangerous  properties  of  sodium  — 
combustion  in  air  and  violent  reaction  with  water.  These 


drawbacks  led  to  over-irradiation  of  the  crew  due  to  NPP 


ma:ifu:actlon8  [see  note].  In  the  future,  reactors  with  liquid 
sodium  were  replaced  by  standard  water-water  reactors.  [Note; 
See  the  pamphlet  by  I. A,  Bykhovskiy,  Atomic  Submarinss.  1957, 
an 3  Atomic  Ships  by  the  same  author,  Suapromglz ,  1 961 1 , 

“  '  On  the  i)a8is  of  data  appearing  in  the  foreign'press, 
it  is  possible  to  conclude  that  nuclear  submarines  have  both 
stationary  and  portable  dosimetric  instruments.  Nuclear 
subnarines  have  special  radiochemical  laboratories  for  the 
detailed  study  of  radiation  environments.  These  contain 
various  radiochemical  and  dosimetric  instruments,  equipment 
for  radiochemical  analyses,  photodosimetry,  control  samples 
for  calibration,  etc. 

Taking  into  account  the  great  importance  of  controlling 
internal  radiation  on  nuclear  eubmarlnee,  the  US  vessels  em¬ 
ploy  systems  for  continuous  measurement  and  recording  of  air 
activity.  With  an  increase  of  specific  air  activity  over  the 
pernissihle  level,  there  is  a  triggering  of  special  light  and 
sound  signals,  in  addition,  air  samples  are  taken  systema¬ 
tically  with  the  aid  of  portable  equipment  with  subsequent 
analysis  in  the  radiochemical  laboratory. 

The  control  of  beta  contamination  of  compartment 
surfaces,  equipment,  clothing,  food,  and  bodiss  is  maintained 
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with  the  aid  of  epeclal  beta  doelmetera. 

In  addition  to  stationary  doslnetera  for  measuring 
penetrating  radiation  vhlch  are  Installed  in  all  of  the 
main  submarine  areas  adjacent  to  th*  reactor  section,  there 
are  llkeirlae  portable  dosimeters,  Including  film  dosimeters 
which  make  It  possible  to  register  all  types  of  radiation. 
Instruments  which  signal  the  leakage  of  the  heat  transfer 
agent  from  the  itfFP  primary  loop  are  also  Included, 

Aecordlhg  to  data  published  by  the  US  AtomlcSnergy 
CoTPm^aelon,  the  mazlaun  permissible  doss  of  nuolear  submarine 
personnel  Is  )00  milllrebs/week.  Aocordlng  to  the  same  source, 
the  radiation  levels  are  about  ki  of  the  permissible  ones, 
reaching  a  possible  value  of  4o<  of  the  same  levels  [see  note]. 
However,  these  figures  should  be  regarded  with  caution,  since 
It  Is  known  that  the  '*Mautllno"  has  had  to  replaoe  some  of 
Its  crew  members  as  a  result  of  excessive  irradiation  during 
the  operation  of  the  submarine,  while  the  "Sea  Wolf"  even 
had  human  casualties  as  a  result  of  a  malfunction  of  the 
sodium  reactor,  [Note:  New  England  Journal  of  Medicine.  1957, 

No  2], 

Much  attention  Is  devoted  to  the  regeneration  and 
filtration  of  air  on  US  submarines  due  to  the  difficulty  of 
these  problems.  It  has  been  reported  that  special  electro¬ 
static  filters  to  remove  aerosols  from  the  air  are  Installed 
In  the  ventilation  duets.  Detailed  data  on  this  apparatus  have 
not  been  published.  Also  unclear  Is  the  problem  of  the  disposal 
of  active  water  formed  In  personnel  and  equipment  deactivation, 
ae  well  as  In  the  washdown  and  liquidation  of  heat  transfer 
agent  leaks. 

The  following  f bet  was  established  oh  the  "Nautilus". 
The  presence  In  the  compartments  of  Instruments  covered  with 
luminous  materials  sharply  Increases  the  specific  concentration 
of  radioactive  aerosols  and  gasss.  As  a  rssult,  the  dosimeters 
give  incorreot  readings.  All  scales  and  faces,  Including 
wrlstwatch  faces,  had  to  be  replaced. 

All  of  the  above,  despite  the  Inadequacy  of  the 
published  material,  Indicates  the  great  technical  difficul¬ 
ties  arising  In  the  assuranoe  of  radiation  safety  aboard  US 
nuclear  submarines. 


Conclusion 

The  development  of  nuolear  physics  Is  proceeding 
at  such  a  fast  rate  that  the  task  of  designing  of  NPF  for 
all  tsrpes  of  transport  Is  becoming  quite  timely.  It  can  be 
assumed  that  the  time  Is  not  far  off  when  a  nuclear-powered 
aircraft  will  become  a  reality.  We  are  already  summing  up  the 
results  of  the  first  arctic  orulses  of  the  atomic  Icebreaker 
"Lenin".  Soon  the  US  will  publish  data  on  Its  nuolear  freighter 
"Savannah".  There  is  every  reason  to  expect  the  expansion  of 
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N?P  application  on  varioua  types  of  veeeele. 

One  of  the  basic  problems  in  the  praotioal  operation 
of  NPF  is  the  problem  of  assuring  radiation  safety.  In  this 
book  ve  have  examined  radiation  safety  and  dosimstrio  and 
radiometric  control  on  N?P  ships.  These  problems  are  gsnsral 
in  all  cases  of  nuclear  pover  applioation,  but  their  con¬ 
crete  realization  depends  in  aaeh  individual  case  on  the 
specific  conditions  of  HPP  exploitation. 

For  example,  it  is  considerably  simpler  to  assure 
radiation  safety  at  stationary  eleotrio  pover  stations  than 
on  ships,  inasmuch  as  in  the  first  ease  there  are  no  rigid 
limitations  iiiposed  on  weight  and  dimensions. 

The  first  steps  toward  the  development  of  radiation 
shielding  on  a  nuclear  vessel  must  begin  with  a  study  of 
the  possibility  of  emergence  of  radioactivity  of  all 
and  an  examination  of  the  composition  of  radioaotive 
with  respect  to  isotepes.  It  is  necessary  here  to  take  into 
account  both  normal  reactor  operation  axtd  emergenoy  conditions. 
The  radiation  shielding  scheme  and  dosimetric  control  must 
be  devised  with  due  regard  for  the  general  arrangement  of 
ship  compartments  and  ship  design  in  general. 

The  accumulated  theoretical  and  practical  experience 
of  world  reactor  design  and  technology,  as  well  as  the 
experimental  exploitation  of  the  ioebreaker  ’‘Lenin"  give 
every  reason  to  assume  that  the  use  of  KFP  on  ships  is  quite 
possible  from  the  standpoint  of  radiation  safety  provided 
that  there  is  strict  compliance  with  a  number  of  requirements 
which  are  common  for  all  NIP. 

We  shall  now  attempt  to  briefly  summarize  theee 
requirements : 

1 )  All  reactor  and  loop  structures  as  sources  of 
penetrating  radiation  must  be  enclosed  by  shielding.  The 
shielding  thickness  is  calculated  in  suoh  a  way  that  with 
maximum  power  NPP  operation,  the  gasma  radiation  not  exoeed 
the  background  level  due  to  the  radioaotivity  of  the  nearby 
air  and  water  as  well  as  oosmio  radiation.  The  shielding 
must  not  allow  penetration  by  direot  gamma-ray  and  neutron 
s  treams . 


types, 

materials 


2)  NPP  in  combination  with  all  of  its  elements  must 
be  isolated  from  all  other  ship  ommpartments .  This  will 
reliably  pz>event  the  emergenoe  of  radiation  in  any  form. 

The  design  and  quality  of  insolation  must  be  suoh  that 
radiation  might  not  emerge  even  bv  means  of  gas  diffusion. 
This  is  easily  achieved  by  the  maintenanoe  of  a  oertain 
degree  of  rarefaotion  within  the  reactor  section.  All  NPP 
ventilation  systems  must  be  fitted  with,  anti-aerosol  filters 
with  a  h|^  aooumulation  ooeffioient. 

3)  The  dosimetric  and  radiometrio  control  system 
must  assure  reliable,  continuous  control  of  the  heme tio  seal 
of  the  primary  NPP  loop. 
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4)  All  nuclear  veaeels  must  have  aazlamm  uneiakability 
to  aeeure  that  they  remain  afloat.  However,  In  the  oaee  of 
disaster,  the  shielding  structures  and  all  NP?  elements  must 
retain  their  hermetic  seal,  even  upon  submersion  to  fairly 
large  depths  in  order  to  prevent  the  oontaminatlon  of  the 
seas  with  radioactivity.  In  this  oonneotlon  It  Is  neoessary 

to  note  that  the  problem  of  preserving  the  "purity"  of  the 
world  ocean  and  the  atmosphete  Is  now  assuming  exceptionally 
great  importance. 

5)  Access  and  egress  from  the  strlot-reglme  zone 
must  be  only  through  a  special  hatch  equipped  with  radio- 
metric  and  dosimetric  control  Izistruments ,  as  well  as 
deactivation  equipment. 

6)  The  dosimetric  and  radlometrlo  control  system  must 
assure  simultaneous  automatic  control  and  recording  with 
respect  to  the  main  types  and  points  of  radiation  with  a 
maximum  degree  of  centralization. 

7)  As  a  rule,  dumping  of  radloaotlve  wastes  over¬ 
board  should  not  be  permitted  except  In  Instanoes  ooversd 

by  international  rules.  The  nuolear  vessel  must  have  special 
shielded  containers  for  the  collection  and  storage  of  liquid 
radloactlv'e  wastes. 

8)  Equipment  in  the  striot-rsglme  zone  must  be 
amenable  to  deactivation.  In  a  number  of  oases,  partloularly 
with  a  complex  equipment  configuration.  It  should  be  ooversd 
with  special  plastlo  jaokets  easily  subjlsot  to  dsaotlvatlon. 

9)  In  designing  nuolear  vessels.  It  Is  desirable  to 
remove  the  reactor  section  as  far  as  possible  from  living 
quarters,  especially  from  the  galley  and  medical  oompartmsnts . 
This  is  most  easily  aohleved  with  abaft  placement  of  the 
reactor  section. 

10)  In  NPF  malntenanoe  and  reaotor  fueling  —  the 
replacement  of  used-up  heating  slsmsnts  —  there  should 
be  strict  observanoe  of  all  rigid -regime  zone  condltloiu 
in  order  to  avoid  the  spread  of  radioactivity. 

All  of  the  diffloultles  involved  in  the  assuranoe 
of  full  NPF  radiation  safety  on  ships  oan  be  eliminated  by 
means  of  a  well-thought-out  appraooh  to  design  and  exploitation. 
The  subsequent  development  of  nuolear  power  production  will 
lead  to  the  introduotion  of  new,  ii^roved  reactors  irtiloh 
assure  better  radiation  safety  oonditlons.  There  will  be 
a  parallel  development  of  KFF  shielding  and  oontrol  methods, 
which  will  also  simplify  radiation  safety. 

Vfe  oan  attempt  to  look  Into  the  future  of  NPF. 

We  are  about  to  see  the  development  of  a  nuolear  teohnolojgr 
baaed  on  controlled  thermonuolear  reaotions.  This  new  field 
based  on  the  energy  released  In  the  sratheels  of  light  nuclei 
promises  to  mankind  a  praotioally  unlimited  source  of  fuel  — 
the  waters  of  the  world  ooean  whioh  will  last  many  millions 
of  years. 
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The  scleutlflo  and  teohnloal  forces  of  the  Soviet 
Union,  which  hold  a  deservedljr  leading  position  In  the  world, 
are  suooesefully  solving  the  problem  of  oonqubrlng  the  foroee 
of  nature  in  the  name  of  the  bright  future  of  humanity. 
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